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V. E. McKelvey and D. C . Duncan 
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Abstract 

Energy resources must be viewed as a range extending from reserves in known 
deposit6 minable a t  present pr ices  t o  resources that m y  become usable i n  the  future 
through fur ther  exploration and technologic advance. 
domestic resources of the f o s s i l  

are  included, the  potent ia l  m y  be more than 1,600 Q. World resources contain about 
23 t o  more than 475 Q, and if very low grade resources are considered the potent ia l  
may be m o w  than 20,000 Q. 

The energy potential  of uranium resources i n  the United States  ranges from 
about 0.16 t o  more than 280,000 Q, the la rger  figure depending not on ly  on the use 
of low-grade ore but also on the successful developmnt of the  breeding process. 
The energy potent ia l  of world uranium resource8 similarly ranges upward f r o m  0.34 Q 
t o  an order of magnitude of 5 million Q. The energy p o t e n t i d  of thorium resources 
of the United States  ranges from 7 t o  420,000 Q, and of the world f r o m  48 t o  about 
,7  million Q. 

the fissionable mineral resources. 
7.5 b i l l i o n  Q. 
repz-esent large potential  sources. 

Appraised i n  this framework, 
el6 of the types now considered usable contain 5.5 t o  more than 130 Q (i.e., lol €? Btu), and i f  very low grade orgauic-rich deposits 

If nuclear fusion can be contro ed f o r  power generation, the potential  
energy from resources of deuterium and li thium us areordersof  magnitude larger  than 

Deuterium alone contains potent ia l  energy of 
Water power, geothermal energy, solar energy, and ti&d power a l so  

The almost staggering contrast between the magnitude of known reserves minable 
' at present prices and potent ia l  resources minable only at higher prices or more 

advanced technology underscores the c r i t i c a l  importance of research, exploration, 
and development i n  meeting future needs. 

Introduction 

Most energy source materials l i e  hidden beneath the ear th ' s  surface and t h e i r  
extent is d i f f i c u l t  t o  determine. 
tude of energy resources is the f a c t  t h a t  the kinds of materials usable as energy 
sources are constantly changing as t h e  advance of technology pennits us t o  recover 
energy from m t e r i a l s  t h a t  were once too low grade o r  too inaccessible t o  mine, and 
t o  u t i l i z e  materials that were not previously visualized as economical sources of 
energy. 

Compounding the problem of appraising the magni -  

These factors,  of course, combine t o  enlarge our usable supplies of mineral 
fuels.  
of geologic knowledge concerning the  habitat  of oil, improvement in d r i l l i n g  
techniques, and development of methods of secondary recovery are among the scien- 
t i f i c  and technologic advances tha t  have made it possible t o  f ind  and recover a far 
larger amount of o i l  than was thought t o  exist a few decades ago. Similarly, tech- 
nologic advat-aa i n  transportation have made possible Wldeepread and quantitatively 
important lis? of natural  gas, whereas the  great bulk O f  it Was di~carded  before. 
Uranium and other nuclear materiais were not even thought of as commercial sources 
25 years ago, and o i l  shale and other organic-rich shales, not yet used 88 energy 
sources except on an insignificant scale, almost cer ta inly will become important 
i n  the future. 

Development of geophysical techniques f o r  petroleum exploration, expansion 

lf Publication authorized by the Director, U. S. Geological Survey. 
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The concept that  supplfes of usable minerals are extended by the advance of 
gc ien t i f ie  knowledge forces three  important conclusions pertinent t o  preparation 
of resource estimates: 1) even though searching estimates are prepared, they c ~ n  
never represent a final f m n t o r y  of resuurces of the  commodity i n  question, but 
are at best e quotation re f lec t ing  the status of knowledge of resources at the time 
the estimates are made; 2)  i n  making and interpret ing estimates of m i n e r a l  resources 

appraised and those tha t  are e i t h e r  not closely appraised or are as yet undiscovered 
but a re  believed t o  exis t ,  on t h e  basis  of geologic evidence; and 3) it i s  necessary 
t o  distinguish between deposits that  are minable o r  recoverable at present costs and 
those that cannot be mine5 MW but might be recovered under more favorable economic 
o r  technologic conditions. To appraise the  future ava i lab i l i ty  of energy supplies, 
therefore, sew- categories of resmces are examined: 

it is necessary t o  d i f fe ren t ia te  ktween deposits that are known and closely I 

1 )  Known recoverable ssePves--deposits whose location and general magnitude 
are established and t h a t  are recoverable a t  o r  close t o  present pr ices  
Ernd with established technology. Generally, the figures include estimates 
of" &her authors asscribed as measured, indicated and inferred, o r  proved, 
possible,  and probable reserves flor defh i t ions ,  see F. Blondel and S. G. 
Lasky, Mineral-reserves and mine& resources: Econ. Geol. v. 51, 1956, 
p. 686-69v. 

2 )  Undiscovexed recoverable resources--deposits whose specific location i s  
unknown but whose presence and character are indicated by geologic evldence. 

3)  XnOwn marginal and submarginal resources--deposits whose location and gen- 
eral magnitude are established and t h a t  may become recoverable as technology 
advances or economic conditions change, but cannot be recovered now. 

4) Unaiscovered marginal and submarginal resources-deposits whose spec i f ic  
location is unknown but whose presence and character are indicated by geo- 
logic  evidence. 

Estimtes of reserves and resources depend upon the methods ut i l ized,  the 
assumptions adopted, and the  basic information available. 
mates prepared by different  observers i s  therefore not uncommon. 
years9 for  example, estimntes of crude o i l  " r e s e m s "  have ranged f r o m  9 t o  590 
b i l l i on  b a - e l s .  Some of these are estimates of reserves i n  known recoverable 
deposits only, and some include resources t h a t  m a y  eventually be found and recovered 
as technology advances. 
nomic conrfitions, and others assume tha t  technologic or economic changes will take 
place. 
of diseovery, while others take account of geologic concepts of or igin and 
accumulation. 

W i d e  divergence i n  qsti-  
Over the  past f e w  

Some are projections based on existing knowledge or eco- 

And some may be pukely s ta t i s t ica l .  projections of the past and present rates 

Knowledge of resources i s  best represented by estimates that r e f l ec t  a range in  
values and aesimptions, which is accomplished by t h e  four definit ions above and by 
the estimates g imn i n  subsequent tables.  
larger than %hose published previously, mainly because the estimates here take more 
account of undisco-~ee~ed and marginal resources. Seen in  t h i s  perspective, the d i f -  
ferences i n  estimates of recent years are not so  large as might first appear. For 
example, thn  estimate of known recoverable reserves of petroleum i n  table  1 corre- 
sponds t o  t h c  minimum estimates of recent years; those of undiscovered recoverable 
resowces coxespond approximately t o  estimates of "ultimate" reserves that  a l l o w  
fo r  new discoveries but not much change i n  techuologic or  economic conditions. The 
estimates of undiscovered marginal and submarginal resources represent resources of 
potent ia l  value t h a t  are commonly excluded fmm other resource estimates. 

Resources Committee o f  the Feaeral. Council for  Science and Technology ,!i?ederal 

The to t a l e  presented here are generally 

M G S ~  of tne  estimates here were prepared first t o  serve the needs of the Natural 
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Council f o r  Science and Technology, Committee on Natural Resources, 1963, Research 
and development on natural  resources: Washington, D. C., U. S. God.  Printing Office, 
134 pJ, and with some modification6 in coverage they have been used f o r  other recent 
studies undertaken within the Federal Government E e e  a l so  U. S. Dept. Interior,  
Energy Policy Staff,  1963, Supplies, costs, and uses of the f o s s i l  fuels: Waqhington, 
D. C., 34 p. 2 figsJ. They are provisional, not only i n  the sense that a l l  
resource estimates are provisional, but a l so  i n  the sense t h a t  they will be replaced 
shortly by new estimates currently i n  preparation by members of the U. S. Geological 
survey. 

Fossi l  fuels 
The energy content of known domestic resems of f o s s i l  fue ls  recoverable a t  or 

close t o  present prices and with established technology i s  about 5.5 Q (quint i l l ion 
or 1018 Etu), and tha t  of undiscovered and/or marginal and subnarginal resources, 
minable under changed conditions or  higher prices, is a l i t t l e  more than 124 Q 
( table  I). These amounts are respectively equivalent t o  about 0.2 and 4.8 t r i l l i o n  
tons of coal, measured i n  terms of the standard equivalent of 26 million Btu per 
ton of bitminous Coal. O f  the presently minable deposits, coal contains nearly 84 
percent of the t o t a l  energy and most of the remainder is about equally divided among 
ptroleum and natural  gas l iquids,  natural gas, and shale o i l .  O i l  shale deposits 
contain about 28 percent of the marginal and submarginal resources; shales, not in -  
cluded i n t h e  above estimates, containing 10 percent or  more organic matter, hold an 
energy potential  of 220 Q, and those with 5-10 percent organic matter have a poten- 
tial of about 1,600 Q. 

23 Q. 
( tabie  2). 
potential  of more than 20,000 Q. 

The energy content of known recoverable world reserves of f o s s i l  fuels  i s  about 
Undiscovered and/or marginal and submerginal resources contain about 452 Q 

Shales w i t h  more than 5 percent organic matter probably have an energy 

Nuclear fuels  

Known United States  reserves of uranium minable a t  a price of $?-$lo per pound 
of U3O8 are  about 142,000 tons, and 181,000 tons additional have already been 
delivered t3  t h e  Atomic Energy Commission ( table  3). 
contained U235, the energy equivalent of 

equivalent is about 22 Q. Unappraised and undiscovered resources of the same quality 
as those being mined probably contain energy equivalents of 0.35-54 Q (depending on 
burn-up). Lower-grade uraniferous deposits, which with present technology would cost 
up t o  $100 or  more a pound of u 08 t o  mine, contain energy equivalents of 2,000- 
280,000 Q (depending on burn-up?. World uranium reserves minable at $5-$10 a pound 
are  about 730,000 tons, with an energy equivalent of 0.34-48 Q, and may be far larger  
( table  4). 

practicabie, ana because it has not been i n  much demand its resources are not as 
w e l l  'mown as  those of uranium. 
$10 a pound of W3O8 are  100,000 tons, with an energy equivalent of 7 Q, assuming 
complete burn-up ( tab le  5). 
lower qual i ty  probably contain the energy equivalent of more than 420,000 Q. 
reserves minable a t  $10 a pound o r  l e s s  contain the energy equivalent of 48 Q and 
the energy equivalent i n  lower grade resources are far larger  ( table  6). 

Assuming complete burn-up of 
elivered and minable uranium is 0.16 Q; 

assuming complete burn-up of U235 and U23 8 (possible only with breeding), the energy 

ThorPm w i l l  be available as an energy source only when the breeder reactor i s  

Known domestic recoverable reserves minable a t  $5- 

Unappraised and undiscovered resources of the same and 
World 

a- ,ne  fmim reaction now yields only explosion energy. If it can be sustained 
and controlled f o r  t h  

A. p., Schoen, B., and Harris J., 1964, "he variation of the  deuterium content O f  
n a t u r a i  waters i n  the hydrolo i c  cycle: Rev. Geophysics, v. 2, p. 177-22y, t h e  

wnich i s  about 7.5 b i l l i o n  Q. 

production of e lec t r ic  power, the natural  fuels  would be 
deuterium and lithium % . According t o  Friedman and others Friedman, I., Redfield, 

oceans ccntain about 2.5 x 10 9 3 short tons of deuterium, the energy equivalent of 
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Explanation of resource estimates B 
Coal. 
t h a n  1,000 feet ,  and assume 50 percent recovery of coal i n  place. 

Known recoverable reserves are those i n  thick coal beds lying a t  depths less  
The minimum 

thickness f o r  beds of bituminous and higher rank coal included i n  the estimate 
is 3.5 f e e t  and tha t  of subbituminous and lower rank coal i s  10 feet .  

Known marginal and Submarginal resources include coal l e f t  i n  f i r s t  mining of 
known recoverable reserves, coal i n  th in  beds at shallow depth, and coal lylng a t  
depths between 1,000 and 3,000 fee t  below surface. The estimate refers  t o  coal 
i n  place, and includes coal i n  the measured, indicated, and inferred categories 
of P. Averitt,  U. S. Geol. Survey B u l l .  1136 (with additional data reported by 
H. Beikman, e t  al., Washington Division of Mines and Geol. Bull 47), l ess  t h a t  
reported here i n  the known recoverable class, rounded t o  two significant figures. 

i n  place t o  depths of 6,000 fee t .  No separate estimate has been prepared of 
undiscovered thick coal a t  shallow depths. Compiled from estimate6 by M. R .  
Campbell, Coal Resources of t h e  World, 1913, less the sum of known reserves and 
known m r g i n a l  and submarginal resources, rounded t o  two significant figures. 

Undiscovered marginal and submarginal resources re fer  t o  coal believed t o  be 

I ,  

Petroleum. Known recoverable reserves include proved reserves of American Petroleum 
Ins t i tu te  (31 b i l l ion  barrels  as of Dec. 31, 1963) plus reserves economicdly 
recoverable by established secondary-recovery methods i n  pract ice  (16 b i l l i o n  
barrels)  as estimated by Inters ta te  O i l  Compact Commission as of January 1, 1962. 
The BPI estimate includes primary reserves plus those secondary r e s e m e  recov- 
erable by methods already i n  practice i n  each f ie ld .  
t o  o i l  recoverable by established methods but not y e t  i n  practice i n  a l l  f ie lds .  

Known mapginal and submarginal resources include additional o i l  i n  known 
deposits considered t o  be physically recoverable by newer secondary-recovery 
methods but possibly at imreased costs. The or iginal  o i l  i n  place i n  known 
deposits i s  estimated by ICCC t o  be 346 b i l l i o n  barrels.  
b i l l i o n  barrels t o  January 1963, plus primary and secondary reserves of the above 
estimates t o t a l  160 b i l l ion  barrels or  46 percent of the estimated o i l  i n  place. 
A somewhat larger  recovery, as much a s  65 percent of t h e  o i l  in place, is 
cQnsidered possible eventually with future improvements i n  recovery techniques; 
hence the known marginal and submarginal resources might be as much as  U O  
bi l l ion  barrels.  

Undisccvered recoverable =sources include o i l  i n  possible extensions of 
known f i e l d  and i n  undiscovered f ie lds  thought t o  be discoverable under present 
conditions. 
U. S. Geological Survey, who derived them from analysis of extent of favorable 
ground compaxed with t o t a l  footage of exploratory d r i l l i n g  completed thus far. 
For outline of method, see A. D. Zapp, U .  S. -01. Survey Bull. 1142-H. 

UndiscovePed marginal and submarginal resources include petroleum accumu- 
la t icns  thcught t o  be present i n  less favorable areas, at greater depths, and i n  
less  productive accumulations than those considered commercially usable under 
present conditions. 

li 

1, 
I 

The IOCC estimates refer 

Production of 73 

Both estimates are  based on unpublished estimates of A .  D. Zapp, 

Natural gas. Known recoverable reserves include proved reserves as of the close of 
1963, from American Gas Association and American Petroleum Ins t i tu te .  No esti- 
mate has been prepared of known marginal and submarginal gas resources. 

f e e t  of gas discovered per barrel of o i l .  
from 6,000 tc 8,000 cu. f t .  of gas per bar re l  of o i l ,  and hence the undiscovered 
recoverable ~ e s o w c e s  of gas may be as high as 1,500 or  1,600 x 1G2 cu. f t .  

Undiscovered marginal and submarginal resources a re  Zapp's unpublished 
estimates of rescurces not economic now. 
gas i n  subsrirfaee reservoirs is recoverable than oil under present circumstances, 
the e s t h t n  of submarginal resources of gas is  l e s s  generous than tha t  f o r  oil. 

Estimates of undiscovered recoverable resources a r e  based on a r a t i o  of 6,000 
Recent estimates of t h i s  r a t i o  range 

Because a larger  f ract ion of natural  
. 
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Deep drilling, however, nlght produce much larger quantit ies,  f o r  experience 
already indicates tha t  there is  some increase i n  concentration of natural 
&ae with depth. 
many known unproduced naturQ gas accumulations r e p r t e d  as "shows" tha t  were 
considered uneconomic when found, pore-space gas i n  c o d  and black shale, o r  
synthetic gas from black shale or coal. 
i t s  stratigraphic equivalents probably contain about 8 x 1015 cu. f t .  of gas 
equivalent if processed by hydrogenolysis. The four t r i l l i o n  tons of coal i n  the 
United States may also contain as much as 8 x 1015 cu. f t .  of entrapped methane 
gas, some fractipn of which might be recoverable i n  t h e  future.  The carbonaceous 
shales associated with coal might contain an additional 4 x 1015 cu. f t .  of e s  
and some marine black shales such a s  the Chattanooga and equivalents, may coptain 
comparable or  larger  amounts of such gas i n  pore space. 

The estimate does not include possible large 8ources, such as 

For example: the Chattanooga shale and 

Natural gas l iquids.  Known recoverable reserves are rounded from API-AGA estimates 
f o r  the close of 1963 which indicate a r a t i o  of about 25 barrels of l iquids 
economically recoverable per mill ion cubic feet of gas. 
resources are based on the same r a t i o  of natural  gas t o  natural-gas-liquids. 
Undiscovered marginal and submarginal resources are Zapp's unpublished estimate 
which assumes mace complete recovery and greater quantit ies of natural-gas- 
l iqu ids  i n  the deeper gas accumulations. 

Undiscovered recoverable 
{ 

'4 

i 
! 

O i l  i n  bituminous rock. Known recoverable resources include minimal estimates of 
some deposits f o r  which ready data a re  a t  hand; asaumed recovery i s  50 percent 
of the o i l  i n  place. An estimate of 10 b i l l ion  barrels  from L. G. Weeks, 1960, 
Geotimes, v. 59 no. 1, p .  20, is the basis f o r  the  figure on undiscovered marginal 
and submarginal resources; it includes a number of known deposits t h a t  9-n- 

unapprafsed. 

Shale oil. Known recoverable reserves include o i l  recoverable from higher grade o i l  
shale i n  Colorado and Utah i n  beds 25 fee t  o r  more thick, yielding about 30 
gallons of oil per ton of rock, and lying at depths l e s s  than 1,000 f e e t  b e l o w  
surface. Assumed recovery is 50 percent of the o i l  content of the shale. Known 
marginal and submarginal resources include shale l e f i  in f i rs t  mining of the known 
recoverable reserves, estimates of the  f u l l  oil content of similar higher grade 
deposits at  depths greater than 1,000 f e e t  below surface, and estimates of th in  
and low-grade oil shale, with minimum yield of 10 gallons of o i l  per ton and 
minimum thickness of 5 f e e t  and t o  depths as much as 10,000 fee t  below surface. 

of equivalent oil in  possible extensions of some major known o i l  shale deposits, 
ylelding 10 gallons o r  more oil per ton t o  depths as much as 20,000 fee t .  A much 
larger amount of incompletely appraised shale i s  known and inferred. Shales not 
included i n  the estimates shown on the  tab le  but containing 10 percent or  more 
organic matter probably contain about 9 t r i l l i o n  tons of organic matter with a 
potent ia l  energy content of 220 Q. 
matter probably contains an energy equivalent of 1,600 Q. 

Undiscovered marginal and submarginal resources include a speculative estimate 

Shale containing 5 t o  10 percent organic 

-.- 

,I 
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Table 2. Provisional estimates of world msaurces of the fossil fuels  
(Energy equivalent i n  1G8 Btu ahown in parenthesis) 

Known recwerable Undiscovered and/or margins1 
reserves & sulnaex%l m a l  resources 

Cwl (short  tons) 

Natural  as (cu. f t . )  2/ 
N a t u r a l  gas l iquids  

O i l  i n  bituminous 

Shale o i l  (barrels)  

850 x 109 (IS) 

1,800 x 1012 (1.9) 

15,150 x LO9 (320) 

19,000 x Yd-2 (20 )  

(barrels)  4J 45 109 (0.21) 700 x lo9 (3.2) 

Petroleum (barrels)  300 x 109 (1.7) 4,000 i 109 (23) 

rocks (barrels) z/ 40 x 109 (0.23) 1,060 x 109 (6.1) 
150 x lo9 10.87) 13,600 x lo9 (79) 

Total (raunded) energy i n  
f o s s i l  fuels  ( l G 8  Btu) 23 45; 

l-/ Known r e c m m b l e  reserves consist  of half  of the measured reserves of c o d  and 
l i g n i t e  I-epopted by Parker (World Power Conference Survey of energy resouces,  
1962: Central Office World Power Conference, London, p. lo ) ,  adjusted t o  &e 
U. S. reserves conform with those shown i n  table  1, and t o  incorporate a 
different  approximation of minable reserves i n  the U.S.S.R. The latter is based 
on the  1956 estimated quoted by J. A .  Hodgkins (Soviet power, energy resources, 
production and potential:  Prentice H a l l ,  1961) tha t  2.09 t r i l l i o n  metric tons of 
coal i n  the U.S.S.R. l i e  above a depth of 300 meters; it is  assumed tha t  the 
$is t r ibut ian of tinese beds by thickness i s  similar t o  tha t  i n  the U. S., so that 
30 perceat of" the total ,  or 695,000 short tons, i s  i n  thick beds, half of w h i c h  
is recovwable. 

make W. S. reserves eonform Kith those shown i n  table  1 and t o  incorporate the  
1956 estimate of' U.S.S.R. coal and l i g n i t e  above a depth of 1,800 meters (9.6 
t r i l l im  t m s ) ,  l ess  known recoverable reserves 

reserves i n  remainder of world (Oil  and Gas Jour., v. 60, no. 53, p. 85, 1962). 
Undiscovered o r  marginal and submarginal resources are the undiscovered recover- 
able, icnown marginal, and undiscovered margind and submarginal resources f o r  the 
other anms; the l a t t e r  a re  based on an extrapolation of U. S. estimates t o  the 
remainder of the world according t o  area of sedimentary rocks and t o  the geologic 
favorabi l i ty  factors  derived from L. G. Weeks, 1959, Where w l l l  energy come f r o m  
i n  2059?: Pstroleum Engineer, v. 31, no. 9, p. A24-3). 

Hence, known re- 
coverable reserves are estimated on the basis  t h a t  6,000 cu. f%. of gas are  
expectable p e ~  W-1 of o i l .  
marginal rexmrz6s are  unpublished ones of Zapp and a l l o w  a somewhat lower gas-oil 
r a t i o  for  marginal resources. 

mere are nc available estimates of proved world =serves of natural gas l iquids ,  
Known recc-%able reserves are estimated on the basis  that natural gas contains 
abGUt 24 t t i r ~ l s  of natural gas l iquids  per million cubic f e e t  of gas as i n  the  
U. S. 
unpublished ones of Zapp and allow a somewhat larger  r a t i o  between liquids and 
gas i n  margindl and submarginal resources. 

Undiscovered o r  marginal resources are those reported by Parker, adjusted t o  

2f Recoverable resems aze taken as the U. S. figure from table  1, plus proved 

11 There are  no available estimates of proved world gas reserves. 

Estimates of undiscovered and marginal and sub- 

Es+imates of undiscovered and marginal and submarginal resources are 
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51 Estimtes of known recoverable reserve8 include only deposits in U. s. and 
Canada. 
Berryhill,  Jr., from I P f O ~ t i O ~  an eXtent of deposits now obtainable by open-pit 
mining methods reported by Oil and Gas Jour., v. 59, July 31, 1961, p. 253, and 
August 14, 1961, p. 79, and on t h e  assumption that 75 percent of the oil i n  place 
is recoverable. Undiscovered and marginal and submarginal resources are from 
L. G. Weeks ( less  known reserves),  op. cit. ,  1960. 

From unpublished estimates of D. C. Duncan. Known recoverable reserves 
generally are limited t o  those deposits f ielding more than 25 gallons of o i l  per 
ton, i n  zones 25 feet o r  more thick, and lylng less than 1,000 f e e t  below the 
surface, and assume 50 percent recovery i s  mining. In  cer ta in  foreign areas, 
however, where an o i l  shale industry is already established, deposits of the 
grades and thicknesses current ly  mined are considered recoverable under cer ta in  
conditions; I n  some places deposits containing as l i t t l e  as 12 gallone per ton 
are mined by open-pit methods. Marglnal and submarginal o i l  shale deposits axe 
those yielding 10 gallons o r  more per ton and includes possible major extensions 
of known deposits. 
depths of 20,000 fee t ,  and containing 10 percent o r  more organic matter, probably 
contain energy equivalent of about 4,000 Q; deposits containing 5 t o  10 percent 
organic matter probably contain an energy equivalent of about 20,000 Q. These 
unappraised deposits are not included i n  t h e  e s t i m t e e  shown on the  table. 

Canadian reserve6 of 37.9 x log barrels have been calculated by E. L. 

Other unappraised orgadc-rich-shale deposits extending t o  

f 

i 
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Ta3le 3. Provisional eetimates of United States  r e s o y s  of uranium 
(Short tons of U. Energy equivalent t o  Id. Btu ehown i n  
parenthesis) 2f 

Present cost 
(dollars per Umppraised and 
pound of 3) a/ Known deposits undiscovered re sources 

5 - 1 0 y  142,000 (0.07 - 10) 770,000 (0.38 - 54) 
10 - 30 5J 140,000 (0.07 - 10) 500,000 (0.24 - 35) 
30 - io0 51 21,300,000 (6 - 860) 20,000,000 (10 - 1,400) 

loo  - 500 I/ -- 4,000, OOO, 000 ( 1,969 - 280, 000 

Estimates of known deposits recoverable at a cost of $5-10 per pound are  by t h e  
Atomic Energy Commission; most other estimates prepared by the U. S. Geological 
Survey . 
The minimum energy equivalent is tha t  contained i n  U235 and as umes complete burn- 
~ l p .  The maximum is the t o t a l  contained i n  U235 as w e l l  as U23'. Conversion 
factor: 1 short ton U = 7 x 1013 Btu. 

2/ based on specific estimates by AEC of mining and processing costs of various types 
of deposits, assuming present economic and technologic conditions. 

k/ Uranium already mined and delivered t o  WC t o t a l s  181,000 tons and should be added 
t o  known re5erves t o  represent uranium available under present conditions. Known 
resemes, estimated by AEC, include 135,000 tons i n  western sandstone deposits 
averaging about 0.21 percent U, and 7,000 tons i n  western vein deposits averaging 
about 0.21 percent U. 
(cnpublished data), include approximately 7OO,OOO tons i n  sandstone deposits i n  
t h e  Colcrado Plateau and adjacent areas and 60,000 tons i n  vein deposits i n  the  
western states .  

5f Kno-vn deposits include a )  about 23,000 tons recoverable as by-product from the 
mhnslfacture of t r i p l e  superphosphate and similar products, taken as 15 percent 
(the proportion of t o t a l  phosphate production currently t reated by such methods) 
of the 90,000 tons estimated by V. E.  McKelvey (unpublished data, 1952) t o  
occur i n  beds 3 f e e t  or more thick, and containing more than 30 percent P2O5 and 
lying 1,000 f e e t  below entry leve l  i n  the western phosphate f i e l d  and of the 
65,000 tons estimated by J. B. Cathcart (unpublished 
currently recoverable phosphte concentrates i n & e  Florida f ie ld ;  b) about 8,000 
tons i n  western sandstone deposits and 1,000 tons i n  vein deposits containing 
more than 0.1 percent U but not considered by AEC t o  be minable a t  present prices; 
C )  95,000 tans i n  swdstone deposits containing 0.04 t o  0.1 percent U, estimated 
by A .  P. btitler, Jr. from the f a c t  tha t  assay data show such materials t o  be 
present i n  amounts equal t o  about two-thirds of the higher grade ore; and d) 
12,000 tons i n  uracium-bearing pyrochlore i n  potassic syenite i n  the Bearpaw 
Mountains (W. T. Pecora, unpublished data).  
resources include a )  30,000 tons i n  by-product recovery from the  200,000 tons 
estimate6 by J. B. Cathcart (unpublisk d data) i n  p o ten t ia l  resources i n  the 
North Carolina phosphate f ie ld ;  b) 460,000 tons i n  low-grade western sandstone 
deposits; w.2 c )  20,000 tons i n  uranium-bearing pyrochlore deposits. 

6/ Known ~ s o 1 ) s ~ ~ s  include a )  about 130,000 tons i n  the remainder of the known phos- 
phets resources mentioned above (assumed t o  be recwerable a8 a principal 
product i n  t h i s  cost  range; b)  about 65,000 tons i n  phosphate concentrates i n  +he 
Bone Valley formation of Florida; c )  about 100,000 tons i n  aluminum phosphates i n  
the Ron? Valley leached zone; d)  6,000,000 tons estimated by Andrew Brown i n  the 
Chattmoogs shale of Tennessee and adjacent states (averaging about 0.006 percent 
u);  and e) 6,000,000 tons estimated by A .  P.  Butler, Jr., i n  the  Conway a lka l ic  
granite, I?. H., t o  a depth of 1,000 feet .  

Undiscovered resources estimated by A. P. Butler, Jr. 

data, 1951) t o  occur i n  

Umppraised and undiscovered 

- 

Unapprsised resources include 
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a )  600,OOO tons i n  high-grade phosphate rock i n  t h e  western f i e l d  lying more than 
1,OOO fee t  below entry level; b )  1,300,000 tons i n  phosphate containing about 
0.0008 percent U and mope than 24 percent P20 in the  western field; c )  200,000 
tons estimated by A. P. Butler, Jr., (from d s  of G. H. Espenshade) t o  occur i n  
phosphate in northern Florida; d) 1,000,~ tans i n  phosphate nodules, averaging 
about 0.005 percent, i n  t h e  Hawthorne formation of Florida; e )  170,000 tons i n  the 
North Cwolfna phosphates; and f )  16,000,000 tons estlmated by V. E. Swanson t o  
occur in the Chattanooga shale i n  beds containing 0.004 percent o r  more U. 

I/ Includes a )  2 b i l l ion  tons estimated by V. E. Swanson t o  occur i n  the Chattanooga 
shale and equivalents i n  central  United States in beds averaging about 0.003 
percent U; b )  2 b i l l i o n  tons i n  large grani t ic  bodies (Pikes Peak, Marquette Co., 
Michigan, Wisconsin, Minnesota, Idaho batholith, California batholith, 6. C a l i -  
fornia  b a t h o l i t h ,  N. California batholith, N. Washington batholith, Appalachians, 
and New England), containing about 4 ppm U above a depth of 1,500 fee t  (estimated 
by AFX). 

I 

I’ 

1 

3 

. 
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Table 4. Provisional estimates of world uranium reserves Y 
(Energy equivalent t o  10l8 Btu shown in parenthesis 1/) 

country Short tons 

United States 
Canada 
South Africa 
Frame 
Australia 
Sico-Scviet Bloc 
Ot.her 21 

142,000 (0.07 - 10) 
127,000 (0.06 - 9) 
236,000 (0.11 - 16) 
34,000 (0.02 - 2.4) 
13,700 (0.007 - 0.96) 
110,000 - 400,000 (0.05 - 0.2; 7.7 - 28) 
21,000 (0.01 - 1.51 

Total (rouzde?) non 
Com-Ais t world 

Tots1 (rc z d e 3 )  world - 4/ 
575,000 (0.28 - 40) 
685,000 - 1,085,000 (0.34 - 0.53; 48 - 76) 

- 11 Known deposits minable a t  $5-10 per pound; those for the United States,  Canada and 
South Africa represent material  minable a t  $8 per pound or less. Estimates of re-  
seTves in  Sino-Soviet Bloc from the McKinney S t a f f ,  Report t o  the Joint Committee 
on Atoinic Energy, Congress of the United States,  1960, v. 4, p. 1613. 
OE all ctber countries supplied by R. D. Nininger, U. S. Atomic Energy Commission. 

$35 and assumes complete burn-up. 
The maxmny3is the t o t a l  contained i n  U835 and &38. Conversion factor:  1 short  ton 

Estimates 

1/ The nir,imun energy equivalent is that c ntained 

U = 7 x 10 Btu. 

- 3/ Argentim, Congo, Gemany, India, Japan, Mexico, Portugal, and Spain. 

k/ Ulidiscovered deposits of  the saxae qual i ty  are  estimated t o  be 770,000 tons (see table 
3); data are cot available for similar country by country e s t h t e s ,  but the relat ion 
between crustal  abundance of the elements and t h e i r  minable resources suggests that  
potential  world resources in deposits of t h i s  quali ty are  of the order of 45 million 
t o s s  (see V .  E. McKelvey, Am. Jour. Sci.,  v. 2 5 8 ~ ,  p. 234-241, 1960). &spite the 
Lack of c i m t i t a t i v e  estimates of t o t a l  marginal or submarginal resources, several  
examples indicate that t h e i r  potential  i s  enormous. The alum black shale of  Sweden 
contairz a5out 850,000 tons U i n  known deposits averaging 0.03 percent u306, and 
another 1 .7  a i l l i o n  tons i n  known deposits averaging about 0.02 percent; unappraised 
resou-ces may be of the order of 10 million tons. North African phosphorites contain 
about 2 E i l i i o s  tons U (R. D. Nininger and C. J. Gardner, U. S. Atomic Energy Comis- 
sion TID-6237, p. 3, 1960). Each of the major types of low-grade resources i s  known 
qualstively ir, other parts of the world and  an estimate of potent ia l  world resources 
Sas2d or &: ex5rapclation of those l i s t e d  in table  3 t o  the  rest of the world on the 

70 b i l l i o n  tons (approximately 5 million Q)--is probably of the r igh t  order of 
magnitude. 

- 

F -  . t ~ s ~ ~  of Yap proportionately larger  area involved--say 4 b i l l i o n  tons x 1 7 . 3 ~  about 
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Table 5 .  
(Short tons of Th. 

Provisional estimates of United States  resources of thorium 
Energy equivalent t o  1018 Btu shown i n  parenthesis) 

Present cost 
(dol lars  per 
pound n o 2  

5 -  194J 

Unappraised and 
Known deposits undiscovered resources 

10 - 30 5/ lWJooo (7) 1,700,000 (120) 

30 - 100 --- 30,000,800 (2,100) 

100 - 590 I/ --- 6 , 000, 000,000 (420,000) 

Estimates of  thorium in known deposits in the $5-10 cost range prepared by the 
AEC; m o s t  other estimates prepared by the U. S. Geol'ogical Survey. 

2f Assumes complete recovery. 

2/ Based on specif ic  estimates by AEC of mining and processing costs of various types 

k/  Known deposita include about 88,000 tons in vein deposits in the Lemhi Pass area 
of Idaho (B. J. Sharp, D. L. Hetland, and A. E. Granger, AEC, unpublished data); 
about 4,000 tons in Idaho and Carolina monazite placers (MC estimate); and 
about 16,000 tons i n  the  Goodrich quartzite,  Michigan (R. C. Vickers, U. S. 
Geol. S m e y  B u l l .  1030-F). 
sources is a speculative one by J. C. Olson, U.S.G.S., that includes 3OO,OOO tons 
of potent ia l  resources in the  Lemhi Pass d i s t r i c t  estimated by S h a r p ,  e t  al. as 
w e l l  as potent ia l  resources i n  veins in  about 20 other promising d is t r ic t s .  

Conversion factor:  1 short  ton Th = 7 x d3 Btu. 

of deposits, assuming present economic and technological conditions. 

The estimate of unappraised and undiscovered re- 

r /  Known deposits include 53,000 tons i n  Cakolina placers (W. C. Overstreet, P. K. 
Theobald, and J. W. Whitlow, Am. Inst. Mining m. Tram., v. 2l.4, p. 709-714, 
(1959) and 50,000 tons in the Goodrich quartzite.  Unappraised and undiscovered 
resourcej include l50,OOO tons i n  the Goodrich quartzite; 10,000 tons in  Idaho 
a3d Molztana placers (D. E. Eiler tson and F. D. Lamb, U. S. Bur. Mines RME-3140, 
U. S. Atomic Energy Comm. Tech. Info. Service, O a k  Ridge,lTenn.); l20,OOO tons 
in a monazite placer off the mouth of the Apalachicola River, Florida (W. F. 
Tanner, A. W i n s ,  qnd J. D. Bates, Econ. Geol., v. 56, p. 1079-1087, 1961); 
8,000 tons in Arkansas bauxite (estimated by Olson from data of J. A. S. Adams, 
and C. E. Weaver, Am. Assoc. Petroleum Geologists Bu l l . ,  v. 42, p. 387-430, 
1958); l&,OOQ tons in quartz bostonites i n  Colorado t o  a depth of 1,000 fee t  
(C. PhRir, U.S.G.S. unpublished data, 1962); 1,000,000 tons in hornblende-albite 
syenite, Wet Mountains, Colo. , t o  a depth of 1,000 fee t  (M. R. Brock, U.S.G.S. 
m p b l i s h e d  data, 1962); 180, tons in shonkinite, Mountain Pass, C a l i f . ,  t o  a 
depth of i,OOO feet  (J. C. Olson, U.S.G.S. unpublished data, 1962); 4,500 tons 
i L i  gneiss, Mass., to a depth of 1,000 f e e t  (D. H. Johnson, U. S. Geol. Survey 
TEI-69, U. S. Atomic Energy Corn. Tech. Info. Serrice, O a k  Ridge, Tern.); 
10,oOO toas LT thorium-bearing veins, Wet Mountain 
f e e t  (M. R. Brock, U.S.G.S. unpublished data, 1962); 17,000 tons i n  Cretaceous 
black sand deposits in the western s ta tes  (V. T. Daw, J. V. Nat ty ,  U. S. Bur. 
Mbes Re@. In<. 5860); and a speculative estimate by J. C. Olson of 200,000 tons 
in thorium-besring veins containing 0.03-0.3 percent Th t o  depths of 1,000 fee t  
in the Wet Mountains, Colo. , and elsewhere. 

- 6/ Cotway gra?its,  N. H., t o  depth of 1,000 fee t .  

Colo. , t o  a depth of 50 

In  addition, the Silver Plume 
grani te  aod Pikes Peak granite,  Colo., probably contain 5O,OOO tons and 1~,000~ 
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respectively, t o  depth of 1,000 feet ,  Fn rocks with thorium contents of 90 and 50 
ppm (C. Phair, U.S .G .S. unpublished data).  

I/ Large g r d t i c  bodies coritaining 12-30 ppm Th t o  depth of 1,500 feet ,  including 
Pikes Feak granite, Marquette County, Mich., Wisconsin, Minnesota, Idaho batholith, 
California batholith,  S. California batholith,  N. California batholith,  N. Wash- 
ington Sat.tho:itk, Appalachians, and New Englana. Estimated by AEC. 

t 5 

I 
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Table 6. Provisio 1 estimates of world tho reserves, minable a t  $10 per pound 
or l es  8-3” (Energy equivalent t o  1 shown i n  parenthesis; assumes 
complete burn-up) 

rl 

Area 

United S ta tes  
Canada 
B r a z i l  
Africa 

- 

India, Ceylon, 
Nepal, Pakista 

Sino-Soviet Bloc 
Australia 2/ Total 

Estimates f o r  the United S ta tes  from table  10. Estimate f o r  Austmlia from 
% d e ,  S. H. U., 1959> The uranium and thorium resources of the Commonwealth: 
Royal SOC. A r t s  Jour., v. 107, p. 706; those for other areas from McKinney 
report, op. c i t . ,  p. 1612-1613. 

An additional 250,000 tons i s  possible i n  the inland placers of Bihar and West 
Bengal, which have not been thoroughly explored. 

Undiscovered resources of the  same quality are  potent ia l ly  much larger .  
bas i s  of a comparison between thorium reserves and the known areal extent of 
metamorphic and igneous rocks ( t o  which thorium deposits a re  genetically related), 
world resources would be expected t o  be 3 6 million tons, taking the United States 
and the base fo r  extrapolation; or, taking India a s  the base, 6-12 million tons 
(J. C. Olson, U.S.G.S., unpublished data). Using the  re lat ion between reserves 
and crus ta l  abundance, world thorium resources would be expected t o  be of the 
order of 20 to  200 million tons (McKelvey, op. c i t . ) .  Low-grade resources have 
been l i t t l e  explored, but data from specific deposits show t h a t  t he i r  r a t io  t o  
high-grade resources over the  world may be similar t o  tha t  i n  the United States 
and known examples indicate  t h e i r  l a rge  magnitude. Thus, the Kaffo riebeckite 
grani te  of Nigeria contains 70 tons of uranium, a t  l e a s t  140 tons of thorium, and 
about 1,840 tons of (Nb,Ta)205 per foot of depth and i s  only  one of several known 
i n  Nigeria t o  be highly radioactive (R.  A. Lckay and K. E. Beer, Geol. Survey of 
Great Bri ta in  Rept. 9SM (AEn.95). Carbonatite averaging 0.07 percent Tho2 a t  
Araxa, Brazil contains 110,000 tons above a depth of 475 fee t  (D. Cuimaraes, Div. 
de Foment0 da Producao Mineral Be10 Horizonte, Bull. 103) and carbonatites at 
Palabora i n  the Transvaal and i n  Kenya, avergging about 0.02-0.05 percent ’R-102, 
contain tonnages of the same order of magnitude at  shallow depths. 
uranium, an extrapolation f r o m  the United States  t o  the r e s t  of the world on the 
bas i s  of proportionality of areas  -- 17.3 x 6 bi l l ion  tons- about 100 b i l l i on  
tons (7 m i l l i o n  Q) --probably supplies an estimate of potential. resources valid 
as t o  general order of magnitude. 

I 

On the 

As with 

I .  

‘ I  

.i 
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Lithium 6 not i n  great demand and hence its resources have been l i t t l e  
explored. Li k i n  known minable deposits i n  the United States probably t o t a l s  about 
73,000 tons, with an energy equivalent of 21 Q ( table  7). 
probably contain about 230,000 tons of Li6, with an energy equivalent of 70 Q 
( tab le  8). 
magnitude as those of uranium. 
with an energy equivalent G f  6 million Q ( tab le  8) .  

World minable reserves 

Low-grade deposits are lit l e  known but should be of about the same 8 The Li content of the ocean i s  20 b i l l i o n  tons, 

Water power, geothermal energy, and other energy souxces 

The instal led capacity of water-power plants of the United States is about 
38,600 megawatts, m d  the 1962 output was 168 mill ion megamtt hours. 
a t  mean f l 3 w  i s  ahout 12 l ,OOO MW, equivalent t o  an annual production of 1 b i l l i o n  
MW hours. 
potential  a t  the meanflow i s  about 2,700,000 MW ( table  9 ) .  

The potential. 

The instal led capacity over the world i s  about 180,000 MW, and the 

According tc. D. E. White Fe S Geol. Sunrey, unpublished datg, present world 
u t i l i za t ion  of geG%h?rmal e n e r a  i s  i n  the order of 1,000 MW, and t h i s  can probably 
be increased 10-100 times f o r  a t  l eas t  50 years. 
t h a t  might be recoverable at or  near present costs are estimated t o  be 0.12 Q. 
the  t o t a l  resources of geothermal energy, probably 5 t o  10 percent occurs i n  the 
United States.  

Stored energy t o  a depth of 3 lun 
Of  

Other sowzes of energy include t i d a l  power and various forms of solar  energy, 
including direct  radiation, wind power, and ocean heat. These are  potentially enor- 
mous ( for  example, the solar  radiation s t r ik ing  the ear th ' s  surface amounts t o  3,200 
Q per year, and of t h i s  90 Q i s  converted in to  wind), but no estimates have been 
made of the fract ions t h a t  m i g h t  be recovered a t  various costs. 

Conclusions 

Known supplies of coal minable a t  o r  below present pr ices  are  more than adequate 
f o r  foreseeable needs through the  20th century. 
and if the research needed t o  advance technology i s  pressed, low cost supplies should 
be available f D r  many more decades a t  prices comparable t o  those prevailing now. 
Proved reserves of o i l  and gas are  suff ic ient  f o r  only a decade or  so  but substantial  
additional resowees can be developed through continued exploration and improvement 
of secondary recovery practices. 
enormous. 

Large additional resources ex is t ,  

Resources of o i l  shale and related deposits are 

Minable pesemes of uranium are large and much largm tonnages i n  deposits of 
the  same qual i ty  will be discovered on fur ther  exploration. A t  present low ra tes  
of reactos efficiency, the energy available from these sources i s  small, although 
it i s  ample t o  support a budding nuclear power industry f o r  a few decades, provided 
the exploration f w  concealed deposits i s  pursued successfully. 

If breeder technology is  developed f o r  commercial use, energy from $38 and Th 
w i l l  be available f o r  millenla t o  come from low-grade resources--phosphorites, 
shales, and ignpo1ds rocks. 

If control ;f fusion becomes economical, enormous energy msources w i l l  be 
available from ' i T h i U D I  i n  re la t ively shallow parts  of t h e  ear th ' s  crust, and 
especially frsm lithium and deuterium i n  the ocean. 

The contrast between the energy tha t  i s  available i n  known sources available 
at present pr ices  and established technology, and tha t  potent ia l ly  available through 
successfid exploration and process development i s  almost staggering, and underscores 
the c r i t i c a l  impcrtance of research, exploration and development i n  meeting future 
needs. 

, 
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Table 7. United States lithium reserves 
(In short t o m  Li%. Estimated by J. J. Norton, U. S. Geologlcal Survey) 

Measured and indicated reserves Inferred reserves 

Major operating 
Locality mines Other deposit: 

Foote M i n e r a l  Co. mine, 
Kings Mountain, N. C . 317,000 240,000 

Other deposits i n  the 
Kings Mountain 
d i s t r i c t ,  N. C. 

Black B i l l s ,  S. Dsk. 
-- 490,000 
-- 12,000 

Searles Lake, C a l i f .  -- go, 000 
Total (rounded) 1,000,000 1,000,000 y 

IY 
6 L i  (ener equivdent 

i n  l$ Btu in parenthesis) 73,000 (22) 
r/ Mainly i n  the Kings Mountain d i s t r i c t .  Further exploration undoubtedly w i l l  reveal 

additional reserves of high-grade ore ( the  re la t ion  between reserves and abundance 
suggests t ha t  the tonnage of lithium may be at l eas t  6 and perhaps 60 million bns ,  
OT 0.42-4.2 million tons of i i t h im-6 ;  see McKelvey, op. c i t . )  and far larger ton- 
nages of l i t h i m - 6  i n  varlous c 3 s s e s  of resources are about the same as or s l igh t ly  
larsr than those of uranium. 
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Table 8. World reserves of l i th id  
( I n  short tons Li02. Estimated by J. J. Norton, U. S. Geological Survey) 

Area 

United States  
Canada 
Africa 

Measured and indicated 
reserves Inferred reserves 

1,000,000 
400 , 000 
200,000 

1,700,000 

1,000,000 
2,000,000 
2,000,000 
5,000,000 

6 
i n  l$8 Btu i n  parenthesis) 
6 
(energy equivalent i n  d 8   tu) 

Li (energy equivalent 

Li content of the ocean 
20 x lo9 (6,000,000) 

r/ Known world reserves of l i t h i u m  are  limited t o  a few areas; reserves a t  the four 
main producing loca l i t i e s  -- Kings Mountain, N . C . ,  Searles Lake, Calif.; Barraute, 
Quebec; and Bekita, southern Rhodesia -- account for t h e  bulk of the 1.7 million 
tons of measured and indicated reserves of Liq. 
6.7 million tons i n  deposits of minable qual i ty  i s  conservative. 
grade deposits may be expected i n  about the  same abundance a s  those of uranium. 

Unquestionably, the estimate of 
In  addition, low 

Table 9. Instal led capacity and potent ia l  waterpower of the United States and worldu 
( I n  megawatts) 

Gross theoret ical  power, 
a t  100 percent efficiency 

and flows Developed sites 

A t  flows A t  flows Instal led 
available available Number capacity of 
95 percent 50 percent of waterpower 
oi the time of the time Mean flow sites plants 

United States  33,800 72,000 121,300 1,398 38,600 

World -- -- 2,724, o00 -- 180,900 

1/ Based on estimates by L. Lo Young, 1964, U. S. &ol. Survey Circ .  483. - 
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THE ECONOMICS O F  COAL SUPPLY 

By Abraham Gerber 

American E l e c t r i c  Power Se rv ice  Corporat ion 

Rapid changes i n  bituminous c o a l  markets s i n c e  t h e  end of 
World War 11, e s p e c i a l l y  t h e  l o s s  of i t s  two l a r g e s t  markets--space 
hea t ing  and r a i l r o a d  fue l - -have  compelled s u b s t a n t i a l  adjustments  i n  
t h e  indus t ry .  I n  1947, t he  yea r  of peak bituminous coa l  product ion 
i n  the United S t a t e s ,  r a i l r o a d  consumption and r e t a i l  d e l i v e r i e s ,  
r ep resen t ing  p r imar i ly  r e s i d e n t i a l  and commercial space hea t ing ,  had 
a l r e a d y  f a l l e n  we l l  below t h e i r  e a r l i e r  peaks; neve r the l e s s ,  t oge the r  
t hey  s t i l l  accounted f o r  206 m i l l i o n  t o n s  o r  a lmost  40% of t o t a l  b i t u -  
minous coa l  consumption. The l o s s  of t h e  r a i l r o a d  market t o  d i e s e l  
o i l  was e s p e c i a l l y  r a p i d  and by 1960 t o t a l  r a i l r o a d  consumption of coa l  
had dec l ined  t o  about 2 m i l l i o n  t o n s  and was by then  s o  small  t h a t  
s e p a r a t e  s t a t i s t i c a l  t a b u l a t i o n  was d iscont inued .  Between 1947 and 
1963 t h e s e  two markets combined--rai l roads and r e t a i l  d e l i v e r i e s - -  
r ep resen ted  a loss of over  180 m i l l i o n  tons  and dropped t o  l e s s  than 
6$ of a t o t a l  bituminous coa l  consumption t h a t  had dec l ined  by 25%. 
Luring t h i s  same pe r iod  s i g n i f i c a n t ,  a l though m o r e  moderate, l o s s e s  
were s u s t a i n e d  i n  t h e  i n d u s t r i a l  and coke markets.  

The coa l  i n d u s t r y  responded t o  t h i s  cha l l enge  t o  i t s  su r -  
v i v a l  w i t h  the r ap id  i n t r o d u c t i o n  of  mechanizat ion and improved 
technology t h a t  has helped t o  main ta in  i t s  r e l a t i v e  p o s i t i o n  a s  the  
dominant source  o f  pr imary energy i n  t h e  h i g h l y  compet i t ive  and 
r a p i d l y  expanding e l e c t r i c  energy market. Since 1947 t h e  growth i n  
coa l  consumption by e l e c t r i c  u t i l i t i e s  of 123 m i l l i o n  tons  has  
exceeded t h e  l o s s  i n  t h e  r a i l r o a d  market. An inc reas ing ,  a l though 
small ,  sha re  of t h i s  growth i n  the e l e c t r i c  energy market a c t u a l l y  
r e p r e s e n t s  the i n d i r e c t  r e -en t ry  of coa l  i n t o  t h e  space hea t ing  market. 

Progress  i n  c o a l  mining technology began t o  a c c e l e r a t e  i n  
1950 and between t h a t  y e a r  and 1963 has  achieved an i n c r e a s e  i n  produc- 
t i v i t y  of a lmost  125% from 6.77 t o n s  t o  15.19 t o n s  per  man-day. 
i n  t u r n ,  has  made p o s s i b l e  i n  t h i s  pe r iod  a r educ t ion  of over  9$ i n  
t h e  mine p r i c e  of coa l  d e s p i t e  a n  I n c r e a s e  of 62% i n  coa l  miners '  wages 
and a 33$ r i s e  i n  t he  g e n e r a l  p r i c e  l e v e l  a s  measured by t h e  Gross 
Nat iona l  Product p r i c e  d e f l a t o r s .  But improved technology and reduced 
p r i c e s  a t  t h e  mine  have n o t  been s u f f i c i e n t  t o  main ta in  c o a l ' s  competi- 
t i v e  p o s i t i o n .  Lower t r a n s p o r t a t i o n  c o s t s  were a l s o  necessary.  

Fo r  coa l ,  more than  for any o t h e r  f u e l ,  the c o s t  of t r a n s -  
p o r t a t i o n  r ep resen t s  a major element of d e l i v e r e d  c o s t ,  i n  many cases  
amounting t o  more than  half  t h e  t o t a l  c o s t t o  t h e  consumer. Un t i l  
about  f i v e  y e a r s  ago t h e  c o s t  of r a i l  t r a n s p o r t a t i o n ,  which accounts  
f o r  over  70% of a l l  coa l  shipments,  tended t o  i n c r e a s e  and t o  Offse t  
r educ t ions  i n  the  mine p r i c e  u f  c o a l .  However, dur ing  t h e  p a s t  f i v e  
yea r s  growing r ecogn i t ion  by t h e  r a i l r o a d s  t h a t  u n l e s s  they  succeeded 
i n  reducing t h e  c o s t  of c o a l  t r a n s p o r t a t i o n  they  were th rea t ened  w i t h  
t h e  l o s s  of t h e i r  most impor tan t  s i n g l e  source  of f r e i g h t  revenue, 
has r e s u l t e d  i n  s i g n i f i c a n t  r educ t ions  i n  coa l  t r a n s p o r t a t i o n  Costs.  
T h i s  r e c o g n i t i o n  was he lped  cons iderably  by the  advent of t h e  coa l  

T h i s ,  
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p i p e l i n e  and, a l though only one such p i p e l i n e  was a c t u a l l y  b u i l t  and 
even t h i s  one was f i n a l l y  s h u t  down i n  response t o  a very l a r g e  reduc- 
t i o n  I n  r a i l r o a d  f r e i g h t  r a t e s ,  i t s  a v a i l a b i l i t y  as  a p o t e n t i a l  
compet i tor  t o  r a i l  t r a n s p o r t a t i o n  has  had i t s  e f f ec t  on coa l  f r e i g h t  
r a t e s .  

I n  t h e  p a s t  th ree  y e a r s  p a r t i c u l a r l y ,  r a i l r o a d  r a t e  reduc- 
t i o n s  have accounted f o r  some important  r e d u c t i o n s  i n  d e l i v e r e d  coa l  
c o s t s .  These ra te  reduct ions  have been a s s o c i a t e d  w i t h  l a r g e  volwne 
movements and have been t h e  r e s u l t  i n  t h e  main of changes i n  r a i l r o a d  
management techniques  and i n  rate-makin& t h a t -  has  g iven  recogni t ion  t o  
t n e  economies of s c a l e  and t h e  technologica l  o p p o r t u n i t i e s  i n  t r a i n -  
load versus  car load  d e l i v e r i e s ,  a l though t n e  c o n t r i b u t i o n  of 
tcchnolol;;ical changes has  u n t i l  now been by f a r  t h e  s m a l l e r  element. 
The f u l l  b e n e f i t s  of techno1o:;ical improvement i n  r a i l  t r a n s p o r t a t i c n  
remain t o  be r e a l i z e d  and o f f e r  t h e  prospec t  of f u r t h e r  s u b s t a n t i a l  
reduct ions  i n  r a i l  t r a n s p o r t a t i o n  c o s t .  

The ZTowin:,; importance of t h e  e l e c t r i c  u t i l i t y  market t o  
where i t  now accounts  f o r  over h a l f  of t o t a l  bitumLnous c o a l  conmmp- 
t i o n  i n  the United S t a t e s  has  s i s n i f i c a n t l y  a f f e c t e d  t h e  coa l  i n d u s t r y ' s  
c o n p e t i t i v e  enviromienl;. On t h e  one hand c o a l  must compete more i n t e n -  
s i v e l y  on a d e l i v e r e d  c o s t  p e r  m i l l i o n  Btu b a s i s  w i t h  a l t e r n a t i v e  
sources  of enerxy. On tlie o t h e r  hand, however, t h i s  has  reduced ths 

. v u l n e r a b i l i t y  of c o a l  t o  s h i f t s  i n  consuner p r e f e r e n c e  and t h e  e f f e c t  
of the  convenience f a c t o r  i n  t h e  choice o f  f u e l ,  and i t  has also made 
p o s s i b l e  more e x t e n s i v e  e x p l o i t a t i o n  of the economies of s c a l e  both  
l i ?  coa l  minln" and i n  t r a n s p o r t a t i o n .  . \  

-3 
I n  tile c a s e - o f  f u e l s ,  perhaps more s o  t h a n  f o r  any o t h e r  

' 

n a t u r a l  resources ,  t he  o p p o r t u n i t i e s  f o r  s u b s t i t u t i o n  among a l t e r n a -  
t i v e s ,  e s p e c i a l l y  f o r  1ar:;e-scale u t i l i z a t i o i i  of primary energy, a r e  
very h i ch .  Tie consumer of primary energy i s  n o t  r e a l l y  i n t e r e s t e d  
i n  t o n s  o f  c o a l ,  b a r r e l s  of o i l  o r  cubic  f e e t  of gas .  Ult imately t h e  
1ar;e consumer i s  concerned w i t h  purehas ins  the energy value r e p r e -  
sen ted  by these p a r t i c u l a r  forms of ener;;y. The broader  t h e  range of 
o p p o r t u n i t i e s  f o r  s u b s t i t u t i o n  among a l t e r n a t i v e s  t h e  s t r o n g e r  are t h e  
compet i t ive  f o r c e s  a f f e c t i n g  the  market. While there  may be some 
aurposes  f o r  which i t  i s  not  t e c h n o l o s i c a l l y  f e a s i b l e  t o  s u b s t i t u t e  
one energy source  f o r  another ,  s e v e r a l  OF a l l  a r e  e f f e c t i v e  s u b s t i t u t e s  
f o r  most purposes.  I n  t h e  two major a r e a s  of energy u s e  where s u b s t i -  
t u t e s  a r e  not  now e n t i r e l y  f e a s i b l e  technica l ly- -coke  i n  t h e  s t e e l -  
maicing process  and motor fue l - - they  may both  be v u l n e r a b l e  over t h e  
lonl; run.  The use of coke p e r  t o n  of s t e e l  h a s  been d e c l i n i n g  as a 
r e s u l t  of the  u s e  of techniques such a s  f u e l  i n j e c t i o n ,  and d i r e c t  
s t ee l  reduct ion ,  if it should become f e a s i b l e ,  would v i r t u a l l y  e l l m i -  
n a t e  t h e  use  of coke. The development of t h e  e l e c t r i c  automobile of 
course would have a major e f f e c t  on the  u s e  of motor f u e l  and, indeed, 
would provide a means f o r  coa l  t o  e n t e r  t h i s  market i n d i r e c t l y .  If 
one a l lows  f o r  conversion of primary energy t o  secondary forms, almost 
a l l  energy use  is  vulnerable  t o  compet i t ive  s u b s t i t u t i o n .  
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I n  the e l e c t r i c  energy market c o a l  must compete wi th  the  
o t h e r  f o s s i l  f u e l s ,  a l l  of which can be  converted t o  e l e c t r i c  energy, 
and w i t h  n u c l e a r  power now emerging a s  a vigorous competi tor  f o r  t h i s  
market.  Therefore,  t o  main ta in  i t s  compet i t ive  p o s i t i o n ,  t h e  coa l  
i n d u s t r y  must cont inue i t s  e f f o r t s  t o  provide t h e  lowest  d e l i v e r e d  
c o s t .  While t h i s  imposes on t h e  c o a l  and t r a n s p o r t a t i o n  i n d u s t r i e s  
t h e  need t o  e x p l o i t  t o  t h e  f u l l e s t  imaginat ive technology and market- 
ing ,  i t  o f f e r s  a t  t h e  same time t h e  oppor tuni ty  t o  e x p l o i t  economies 
of s c a l e .  

s u b s t a n t i a l  i n c r e a s e s  i n  the s i z e  of g e n e r a t i n g  u n i t s  and p l a n t s  and 
t h u s  t o  a corresponding growth i n  the  l e v e l  of f u e l  consumption a t  a 
s i n g l e  l o c a t i o n .  A one m i l l i o n  lcilo’watt genera t ing  p l a n t ,  f o r  example, 
consumes approximately 2-1/2 m i l l i o n  t o n s  of coa l  a year .  
toward g r e a t e r  c o n c e n t r a t i o n  i n  the s i z e  of i n d i v i d u a l  consuming u n i t s  
has  been p a r a l l e l e d  by a t r e n d  toward g r e a t e r  concent ra t ion  of coa l  
r e s e r v e s  and product ion i n  l a r g e r  s i z e  u n i t s .  Since 1950 the 3 r o p o r -  
t i o n  of t o t a l  c o a l  product ion  accounted f o r  by mines producing over 
500,000 toils p e r  y e a r  h a s  r i s e n  from about  40$ t o  almost 535 i n  1963. 
This  i n c r e a s e d  c o n c e n t r a t i o n  of product ion i s  making p o s s i b l e  more 
r a t i o n a l  mining development and e x p l o i t a t i o n  of t h e  more advanced 
technology and mechanizat ion tha t  i s  a v a i l a b l e  t o  y i e l d  h i g h e r  produc- 
t i v i t y  and lower p r i c e .  S i m i l a r l y ,  i n  t r a n s p o r t a t i o n ,  r a i l r o a d  
shipments of coal  can be organized t o  t a k e  advantage of t r a i n l o a d  
movements a t  high speed and t o  u t i l i x e  r a i l r o a d  c a p i t a l  equipment 
much more i n t e n s i v e l y .  T h i s  has  provided important o p p o r t u n i t i e s  f o r  
f u r t h e r  c o s t  reduct ion .  

The growth i n  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  has  l e d  t o  very  

T h i s  t r e n d  

Despi te  t h e  e f f o r t s  of both t h e  coa l  and t r a n s p o r t a t i o n  
i n d u s t r i e s  t o  reduce t h e  d e l i v e r e d  c o s t  of c o a l  and t o  main ta in  c o a l ’ s  
compet i t iveness  i n  f u e l  markets,  t h e r e  a r e  i n s t i t u t i o n a l  f a c t o r s  t h a t  
may i n h i b i t  t h e  a b i l i t y  of c o a l  t o  compete e i t h e r  by a b s o l u t e  res t r ic-  
t i o n s  on c o a l  use o r  b y  t h e  impos i t ion  of c o s t  i n c r e a s e s  t h a t  would 
s e r i o u s l y  impai r  c o a l ’ s  compet i t ive  c a p a b i l i t i e s .  One of t h e s e  t h a t  
may be of p a r t i c u l a r  in terest  and o f f e r  a s p e c i a l  cha l lenge  t o  chemists 
and chemical engineers  i s  t h e  i n c r e a s i n g l y  widespread p u b l i c  concern 
over  t h e  problems of a i r  p o l l u t i o n  c o n t r o l .  

p o s s i b l y  prevent ,  o r  a t  l e a s t  l i m i t ,  t h e  use  of c o a l  and d i s t o r t  t h e  
s t r u c t u r e  of f u e l  markets.  Unfortunately,  o u r  knowledge of t h e  effects  
of t h e  products  of combustion on l i v i n g  organisms i s  meager and regu- 
l a t i o n ,  i n  the  absence of s o l i d l y  based information,  t h e r e f o r e ,  may 
tend t o  be excess ive ly  s t r i n g e n t .  A well-known i l l u s t r a t i o n  of the  
e f f ec t  of a i r  p o l l u t i o n  on f u e l  u s e  i s  the s i t u a t i o n  i n  southern  
C a l i f o r a i a .  Despite i n d i c a t i o n s  t h a t  i t  would b e  p o s s i b l e  t o  d e l i v e r  
c o a l  i n  lar l ;e  q u a n t i t i e s  for e l e c t r i c  genera t ion  i n  t h i s  a r e a  a t  a 
lower c o s t  than p r e s e n t l y  p r e v a i l i n g  f u e l  p r i c e s ,  a i r  p o l l u t i o n  c o n t r o l  
r e g u l a t i o n s  p’revent c o a l  from e n t e r i n g  t h i s  market a t  the  p r e s e n t  t ime. 

Governmental r e g u l a t i o n s  t o  a l l e v i a t e  a i r  p o l l u t i o n  could 
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Among t h e  cha l lenges  c o n f r o n t i n g  the  c o a l  i n d u s t r y ,  and the 
o t h e r  f u e l  i n d u s t r i e s  a s  w e l l ,  i s  t h e  need, f i r s t  t o  determine the  
e f fec ts  of t h e  products  of combustion on the environment, and t h e n  t o  
f i n d  an economical means t o  e l i m i n a t e  t h o s e  e f f ec t s  t h a t  are  found t o  
be harmful.  There have been some e f f o r t s  i n  t h i s  d i r e c t i o n ,  i n c l u d i n g  
some technologica l  developments t o  make p o s s i b l e  the removal o f  
su lphur  p r i o r  t o  combustion. However, t h e s e  have a l l  involved proc- 
esses t h a t  r e s u l t  i n  s u b s t a n t i a l l y  h i g h e r  c o s t s  f o r  t h e  h e a t  conten t  
of t h e  coa l .  Keeping i n  mind t h a t  c o a l ,  more s o  t h a n  any o t h e r  f o s s i l  
fue l ,  needs t o  compete i n  markets w i t h  very  h igh  s u b s t i t u t i o n  p o s s i -  
b i l i t i e s  and t h e r e f o r e  must g i v e  p a r t i c u l a r l y  s t r o n g  emphasis t o  c o s t ,  
it i s  c l e a r  t h a t  t h e  s e a r c h  f o r  techniques t o  c o n t r o l  p o l l u t i o n ,  
inc ludind  the removal of p o l l u t a n t s  p r i o r  t o  combustion, must be  
d i r e c t e d  toward achiev ing  t h i s  r e s u l t  wi thout  i n c r e a s i n g  t h e  c o s t  of  
i t s  h e a t  conten t .  There a r e  c l e a r  i n d i c a t i o n s  t h a t  f o r  a long t i m e  
t h e  problem of c o n t r o l l i n g  the  e f f e c t s  of su lphur  o r  i t s  oxides  a t  
t he  l e v e l  of vegetable ,  anirnal and human l i f e  can be adequate ly  and 
economically taken  c a r e  of ~y d i f f u s i o n  i n t o  t h e  upper  atmosphere, and 
by r e s o r t i n g  f o r  t h i s  purpose t o  h i g h  s t a c k s  c u r r e n t l y  i n  t h e  800-900 
f o o t  range,  but  e v e n t u a l l y  r i s i n g  t o  1,200 f e e t  or even higher .  
Nevertheless ,  a s  a m a t t e r  of chal lenge,  r e s e a r c h  e f f o r t s  d i r e c t e d  
toward removal of su lphur  or  o t h e r  p o l l u t a n t s  p r i o r  t o  combustion need 
t o  be  continued, keeping i n  mind t h a t  i n c r e a s e s  i n  t h e  c o s t  of us ing  
coa l  would adverse ly  a f f e c t  c o a l ' s  compet i t ive  p o s i t i o n .  

t o r  i n  c o a l ' s  l a r g e s t  growth market l e n d s  added empnasis t o  t h e . n e e d  
f o r  cont inued reduct ions  i n  d e l i v e r e d  c o a l  c o s t s .  Nuclear e l e c t r i c  
g e n e r a t i o n  has  made s u b s t a n t i a l  p rogress  toward achiev ing  competi t ive-  
ness i n  t h e  e l e c t r i c  u t i l i t y  market and can be  expected t o  e x e r t  
i n c r e a s i n g l y  i n t e n s i v e  downward p r e s s u r e  on compet i t ive  f u e l  p r ices  
i n  t h i s  market over  t he  next s e v e r a l  y e a r s .  This  i s  e s p e c i a l l y  
s ign i . f ican t  f o r  c o a l ,  b u t  f a r  less important  a t  t h e  n r e s e n t  time t o  
t h e  c t n e r  f o s s i l  f u e l s  because e l ec t r i c  g e n e r a t i o n  r e p r e s e n t s  a 
r e l a t l v e l y  small  s h a r e  of t h e i r  t o t a l  markets.  Never the less ,  f t  w i l l  
al .so become i n c r e a s i n g l y  s i z n i f i c a n t  f o r  t h e  f o s s i l  f u e l s  o t h e r  than  
c o a l  over the I.onger run  a s  e l e c t r i c  energy cont inues  t o  make w i d e r  
in roads  over t he  e n t i r e  range o f  energy use .  Indeed, the  competi t ive 
b a t t l e  between c o a l  and nuc lear  power can be expected t o  h e l p  make 
p o s s i b l e  t h e  lower e l e c t r i c  energy c o s t s  which would s t i m u l a t e  those  
-inroads. 

The emergence of nuc lear  power a s  t he  most s e r i o u s  competi- 

The out look-  f o r  a keen compet i t ive  s t r u g g l e  between c o a l  and 
n u c l e a r  power would i n d i c a t e  t h a t ,  looki i l s  ahead for a number of y e a r s ,  
we can expect  l i t t l e  ugward Gressure on c o a l  :_3rices, and i n  many p a r t s  
of t h e  country where c o a l  c o s t s  have been e s p e c i a l l y  h igh  f u r t h e r  
c o s t  reduct ions  can be a n t i c i p a t e d .  Current  t r e n d s  toward reducing 
those  c o s t s  through lower costs  of  c o a l  a t  t h e  mine, and e s p e c i a l l y  
thro;l;;!l lower t r a n s p o r t a t i o n  c o s t s ,  can be expected t o  .cont inue  SO 
t h a t  r e , ; i o n a l  d i f f e r e n c e s  i n  c o a l  c o s t s  a r e  l i k e l y  t o  be narrowed. 
The e f f e c t i v e n e s s  of t h e  coal i n d Q s t r y ' s  e f f o r t s  t o  reduce i t s  c o s t s  
and t h e  concomitant e f f o r t s  of  t h e  t r a n s p o r t a t i o n  i n d u s t r y ,  e s p e c i a l l y  
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t h e  r a i l r o a d s ,  t o  reduce i t s  c o s t s  w i l l ,  i n  t u rn ,  e x e r t  s t rong  com- 
p e t i t i v e  p r e s s u r e  on n u c l e a r  power and s t i m u l a t e  i t s  technologica l  
p rog res s  toward lower c o s t s ,  t h u s  imposing a descending c e i l i n g  on 
c o a l  p r i c e s .  

s e v e r a l  sou rces  o f  energy, and most impor t an t ly  t h e  advent of nuc lea r  
power a s  a compet i t ive  sou rce  of energy i n  c o a l ' s  l a r g e s t  market, can  
be expec ted  t o  e l i c i t  t h e  t e c h n i c a l  and economic responses f r o m  b o t h  
t h e  coa l  and t r a n s p o r t a t i o n  i n d u s t r i e s  tha t  w i l l  make p o s s i b l e  a 
r i s i n g  l e v e l  of coal  u se  wi thou t  s i g n i f i c a n t  i n c r e a s e s  i n  r e a l  c o s t s .  

The w i d e  range  of s u b s t i t u t i o n  c a p a b i l i t i e s  among t h e  



2 3  

THE ECONOMICS OF OIL AND GAS SUPPLY 

Stephen L. McDonald* 

The Univers i ty  of Texas 
Austin, Texas 

I 

i 

i 

' -  

I 

I. Introduct ion:  t h e  economic concept of "supply" 

t i o n  of some d i s t i n c t i v e  c h a r a c t e r i s t i c s  of t h e  industry--and some equal ly  d i s t i n c -  
t i v e  governmental p r a c t i c e s  wi th  r e s p e c t  t o  i t - - r e a d i l y  sugges ts .  The complete 
product ion cyc le ,  from i n i t i a l  explora t ion  t o  exhaust ion o f  depos i t s ,  is very long-- 
of ten  f i f t y  y e a r s  o r  more. Explora t ion  and development, e s p e c i a l l y  t h e  former, a r e  
charac te r ized  by g r e a t  u n c e r t a i n t y  a s  t o  r e s u l t s .  Absent r e g u l a t i o n ,  expected f u t u r e  
p r i c e s  and c o s t s  a r e  a major in f luence  on cur ren t  r a t e s  of e x t r a c t i o n  from developed 
r e s e r v o i r s .  Ownership of e x t r a c t e d  o i l  and gas  i n  t h e  United S t a t e s  i s  governed 
b a s i c a l l y  by the " r u l e  of capture , ' '  which, wi th  mul t ip le  i n t e r e s t s  i n  a common r e s e r -  
v o i r ,  encourages r a p i d  e x p 1 o i t a t i o n ; l  y e t  u l t i m a t e  recovery from a n  o i l  r e s e r v o i r  
i s  inverse ly  r e l a t e d  t o  t h e  r a p i d i t y  of e x p l o i t a t i o n .  Largely f o r  t h i s  reason, o i l  
wel l  d e n s i t i e s  and r a t e s  o f  e x t r a c t i o n  a r e  regula ted  under conservat ion s t a t u t e s  
i n  most producing s t a t e s .  O i l  and g a s  a r e  j o i n t  products  and, t o  a l i m i t e d  degree, 
mutually competi t ive products .  Apparently t o  provide r e l a t i v e  encouragement t o  
o i l  and gas  product ion,  income from t h e s e  minerals  i s  accorded d i f f e r e n t i a l l y  low 
f e d e r a l  t a x  r a t e s  by means of  s p e c i a l  d e p l e t i o n  and o t h e r  allowances. O i l  imports 
i n t o  t h e  United S t a t e s  a r e  l i m i t e d  by a quota system. The wellhead p r i c e  of n a t u r a l  
gas  des t ined  f o r  i n t e r s t a t e  t ransmiss ion  i s  subjec t  t o  f e d e r a l  r e g u l a t i o n ,  but  
t h e r e  i s  no d i r e c t  r e g u l a t i o n  of crude o i l  p r i c e s  a t  any governmental l e v e l .  

n a t i o n a l  a s p e c t s  o f  o i l  and g a s  supply. It is  necessary t o  confine t h e  d iscuss ion  
t o  t h e  domestic scene, and even then t o  proceed a t  a r e l a t i v e l y  high l e v e l  of 
a b s t r a c t i o n .  It is  a l l  t h e  more e s s e n t i a l ,  t h e r e f o r e ,  t h a t  t h e  concept of supply 
employed be q u i t e  c l e a r  from t h e  o u t s e t .  

"Supply" i s  a f u n c t i o n a l  economic concept developed e x p l i c i t l y  f o r  use i n  t h e  
a n a l y s i s  o f  r e l a t i v e  p r i c e s  and t h e  a s s o c i a t e d  a l l o c a t i o n  of product ive  resources  
among competing uses .  Funct iona l ly  conceived, supply i s  not  a g iven  s tock o r  r a t e  
of output of a good, but  r a t h e r  is  a schedule of a l t e r n a t i v e  q u a n t i t i e s  of a good 
t h a t  would be o f f e r e d  f o r  s a l e  during a s p e c i f i e d  t ime a t  v a r i o u s  a l t e r n a t i v e  p r i c e s .  
For reasons t o  be made c l e a r  below, t h e  q u a n t i t i e s  i n  t h e  supply schedule  a r e  near ly  
always p o s i t i v e l y  r e l a t e d  t o  p r i c e .  
of a l t e r n a t i v e  q u a n t i t i e s  of a good t h a t  would be purchased during a s p e c i f i e d  time 
a t  var ious  a l t e r n a t i v e  p r i c e s  ( t h e  q u a n t i t i e s  being negat ive ly  r e l a t e d  t o  p r i c e ) .  
Supply and demand s o  conceived i n d i c a t e  f o r  each good and time per iod  a unique mar- 
k e t - c l e a r i n g  p r i c e ,  hence t h e  volume of s a l e s  t h a t  t ends  t o  be e f f e c t e d .  Given de-  
mand, an increase  i n  supply, i. e., an increase  i n  t h e  q u a n t i t y  of fe red  a t  each 
p r i c e ,  decreases  t h e  markef-clear ing p r i c e  and increases  t h e  volume of s a l e s .  A 
decrease i n  supply has  the  opposi te  e f f e c t ,  of course.  

a g iven  p r i c e  depends i n  some sense  upon t h e  c o s t s  of making u n i t s  of t h e  good a v a i l -  
a b l e  f o r  s a l e .  I n  markets where t h e r e  a r e  many a c t u a l  and p o t e n t i a l  s e l l e r s ,  s o  
t h a t  no one can s i g n i f i c a n t l y  a f f e c t  t h e  p r i c e  through h is  s e p a r a t e  o f f e r s ,  it i s  
i n  t h e  i n t e r e s t  of any s e l l e r  t o  o f f e r  a u n i t  whenever t h e  necessary increment t o  
h i s  t o t a l  c o s t s  i s  l e s s  than t h e  pr ice .*  It fol lows that  t h e  q u a n t i t y  of fe red  by 
a l l  s e l l e r s  taken t o g e t h e r  i s  pushed t o  t h e  poin t  where t h e  incremental  c o s t  of t h e  
l a s t  u n i t - - t h e  marginal c o s t - - f o r  each s e l l e r  i s  equal  t o  t h e  p r i c e .  Thus, supply 

The determinants  of o i l  and g a s  supply a r e  extremely complex, a s  mere r e c i t a -  

Within t h e  l imi t s  of t h i s  s h o r t  paper i t  i s  impossible t o  d e a l  wi th  t h e  i n t e r -  

The companion concept i s  "demand": a schedule  

It should be r e a d i l y  apparent  t h a t  the  q u a n t i t y  of a good o f f e r e d  for  s a l e  a t  
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i s  a f u n c t i o n  o f  marginal c o s t s  a t  a l t e r n a t i v e  l e v e l s  of  ou tput .  
s t a t e  of technology and over t h e  u s u a l l y  re levant  range of ou tput ,  marginal c o s t s  
tend t o  r i s e  with i n c r e a s i n g  q u a n t i t i e s  of fe red  f o r  s a l e .  This  r e s u l t s  from dimin- 
i s h i n g  marginal p r o d u c t i v i t y  of v a r i a b l e  inputs  and t h e  progress ive  addi t ion  of 
h igher -cos t  f a c i l i t i e s  t o  make i n c r e a s i n g  q u a n t i t i e s  a v a i l a b l e .  Consequently, with 
a g iven  s ta te  of technology, i t  i s  only a t  i n c r e a s i n g  p r i c e s  t h a t  increas ing  q u a n t i -  
t i e s  a r e  o f f e r e d  f o r  s a l e .  T h i s  i s  t h e  reason why i n  t h e  s h o r t  run  an increase  i n  
demand normally increases  t h e  market-clear ing p r i c e .  

The e l a s t i c i t y  o f  supply i s  a measure of t h e  degree t o  which q u a n t i t i e s  of fe red  
f o r  s a l e  respond t o  a change i n  p r i c e .  If t h e  response i s  small (supply i n e l a s t i c ) ,  
then a given change i n  demand causes  a r e l a t i v e l y  l a r g e  change i n  t h e  market- 
c l e a r i n g  p r i c e  and a r e l a t i v e l y  small change i n  t h e  volume of s a l e s  e f fec ted .  If 
the response i s  l a r g e  (supply e l a s t i c ) ,  then  t h e  r e l a t i v e  e f f e c t s  on p r i c e  and s a l e s  
volume a r e  reversed ,  

fundamental determinant of supply i n  any indus t ry .  A t echnologica l  change which r e -  
duces marginal c o s t s  a t  a l l  l e v e l s  of output  i n c r e a s e s  t h e  q u a n t i t y  of fe red  f o r  
s a l e  a t  any g iven  p r i c e ;  t h a t  is t o  say,  i t  increases  supply a s  def ined.  Given de-  
mand, such technologica l  change decreases  t h e  market-clear ing p r i c e  and increases  
t h e  volume o f  s a l e s  e f f e c t e d .  Technological  progress  thus  l i m i t s  t h e  increases  i n  
p r i c e  necessary t o  induce i n c r e a s i n g  q u a n t i t i e s  of output over t ime;  i f  rap id  enough, 
it can permit  increas ing  q u a n t i t i e s  of output over time a t  decreasing p r i c e s .  

Quite  a s i d e  from technologica l  change, t h e  c h a r a c t e r i s t i c s  of supply i n  any 
i n d u s t r y  depend upon t h e  time per iod  s p e c i f i e d  a s  r e l e v a n t  t o  a given market problem. 
Since supply i s  a func t ion  of marginal  cos ts ,  def ined a s  t h e  increments t o  t o t a l  
c o s t s  necessary t o  add s u c c e s s i v e  u n i t s  t o  t h e  q u a n t i t y  a v a i l a b l e  f o r  s a l e ,  supply 
depends upon t h e  types of c o s t s  t h a t  a r e  v a r i a b l e  during t h e  s p e c i f i e d  per iod.  I n  
r e l a t i v e l y  s h o r t  per iods,  dur ing  which product ive f a c i l i t i e s  and r e l a t e d  expenses 
may be regarded as f ixed,  only u s e r  c o s t s 3  and such d i r e c t  c o s t s  as labor  and mate- 
r i a l s  a r e  v a r i a b l e .  Within t h e  t e c h n i c a l  capac i ty  of t h e  i n s t a l l e d  f a c i l i t i e s ,  
t h e r e f o r e ,  only such u s e r  and d i r e c t  c o s t s  l i m i t  t h e  d i f f e r e n t  q u a n t i t i e s  o f  p ro-  
duct made a v a i l a b l e  fo r  sale a t  d i f f e r e n t  p r i c e s .  Supply tends  t o  be r e l a t i v e l y  
i n e l a s t i c ;  and i f  demand i s  s u f f i c i e n t l y  depressed, s a l e s  may w i l l i n g l y  be made a t  
p r i c e s  below f u l l  c o s t s  p e r  u n i t .  I n  t h e  long run, however, a l l  c o s t s  a r e  v a r i a b l e - -  
inc luding  the c o s t s  o f  r e p l a c i n g  and adding t o  f a c i l i t i e s .  Consequently, it i s  
t o t a l  c o s t s  t h a t  l i m i t  the q u a n t i t i e s  made a v a i l a b l e  f o r  s a l e  a t  d i f f e r e n t  p r i c e s  
i n  the l o n g  run.  
run  supply, and t h e  long-run market-clear ing p r i c e  always covers f u l l  c o s t s  p e r  u n i t .  

Following a b r i e f  g e n e r a l  d e s c r i p t i o n  of t h e  o i l  and g a s  product ion cycle ,  we 
s h a l l  cons ider  t h e  c h a r a c t e r i s t i c s  of supply--and t h e i r  i m p l i c a t i o n s - - i n  t h e  d e c i -  
s i o n  p e r i o d s  corresponding t o  d i f f e r e n t  phases of that  cycle .  

With a given 

A s  suggested by a q u a l i f y i n g  phrase  used above, t h e  s t a t e  of technology i s  a 

Long-run supply  tends  t o  be s u b s t a n t i a l l y  more e l a s t i c  than s h o r t -  

11. The o i l  and g a s  product ion c y c l e  
O i l  and g a s  a r e  found i n  underground formations of porous rock surrounded by 

impervious m a t e r i a l s  t h a t  t r a p  t h e  migratory minerals  and confine them under p r e s -  
sure .  Rela t ive  t o  the  t o t a l  volume of e a r t h  down t o  t h e  depths  now access ib le  t o  
dri l lers,  o i l  and gas  bear ing  formations a r e  n e i t h e r  l a r g e  nor  densely d i s t r i b u t e d ,  
even i n  those  major sedimentary b a s i n s  where they a r e  most concentrated.  Bearing 
formations vary widely i n  s i z e ,  depth, poros i ty ,  p ressure  and o t h e r  economically 
r e l e v a n t  c h a r a c t e r i s t i c s .  The s p e c i f i c  q u a l i t i e s  o f  t h e  minerals  themselves a l s o  
vary widely. Some gas i s  u s u a l l y  found present  with o i l ,  e i t h e r  as a "cap" o r  
d i sso lved  i n  t h e  o i l .  In  such cases ,  t h e  pressur ized  gas  i s  a va luable  a i d  i n  
f o r c i n g  o i l  through t h e  porous rock and i n t o  well bores .  Gas a l s o  i s  o f t e n  found 
a lone  o r  without  s i g n i f i c a n t  a s s o c i a t i o n  with o i l .  The degree and n a t u r e  of t h e  
g a s - o i l  a s s o c i a t i o n  a r e  not  p r e c i s e l y  p r e d i c t a b l e  i n  advance of a c t u a l  discovery 
i n  p a r t i c u l a r  formations.  
primary objec t  of search i s  o i l .  

Even nonassociated gas  i s  most o f t e n  found when t h e  
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The explora t ion  phase of t h e  o i l  and g a s  product ion c y c l e  begins  with geologi -  
c a l  surveys t o  i d e n t i f y  g e n e r a l l y  promising a r e a s  f o r  more i n t e n s i v e  i n v e s t i g a t i o n .  
These a r e  followed by l e a s e  a c q u i s i t i o n s ,  which are more o r  less expensive depend- 
ing upon t h e  supposed q u a l i t y  of t h e  underlying prospec ts  and t h e  degree of compe- 
t i t i o n  among i n t e r e s t e d  p a r t i e s .  
by seismographic a n a l y s i s ,  t o  l o c a t e  beneath t h e  sur face  s p e c i f i c  geologica l  forma- 
t i o n s  capable of t rapping  o i l  and gas .  I f  these t e s t s  y i e l d  poor r e s u l t s ,  l e a s e s  
may b e  abandoned without  d r i l l i n g ;  i f  they y i e l d  good r e s u l t s ,  explora t ion  i s  com- 
p l e t e d  with t h e  d r i l l i n g  of one o r  more wells t o  t h e  t a r g e t  formation.  The uncer-  
t a i n t y  remaining a f t e r  t h e  t y p i c a l  amount of p r e d r i l l i n g  e x p l o r a t i o n  i s  ind ica ted  
by t h e  f a c t  t h a t  about nine out  of t e n  explora tory  w e l l s  a r e  d r y .  

The development phase o f  t h e  o i l  and g a s  product ion cyc le  begins  with a d i s -  
covery t h a t  i s  evaluated a s  worth t h e  a d d i t i o n a l  investment requi red  t o  put  i t  i n t o  
product ion.  Development c o n s i s t s  of d r i l l i n g  a p p r o p r i a t e l y  spaced wel l s  t o  t h e  
bear ing formation and equipping t h e s e  wel l s  w i t h  flow r e g u l a t o r s ,  pumps, s torage  
tanks and g a t h e r i n g  p i p e l i n e s .  
exact  l i m i t a t i o n s  of t h e  producing formation and t h e  opera t ing  c h a r a c t e r i s t i c s - -  
p ressure ,  poros i ty ,  e tc . - -of  t h e  r e s e r v o i r .  When development i s  completed, dry 
h o l e s  mark t h e  l imi t s  o f  t h e  r e s e r v o i r  a s  well a s  anomalies w i t h i n  i t .  Some wel l s  
may be  d r i l l e d  f o r  purposes of r e i n j e c t i n g  g a s  o r  water  and thereby maintaining 
r e s e r v o i r  pressure .  

investments corresponding t o  p l a n t  and equipment expendi tures  i n  o t h e r  i n d u s t r i e s .  
I n  r e c e n t  years ,  domestic explora t ion  and development out lays  of t h e  indus t ry  have 
exceeded $4 b i l l i o n  annual ly .  Explora t ion  accounts  f o r  about 40 percent  o f  t h e  t o t a l ,  
development f o r  t h e  remaining 60 percent  .5 

The f i n a l  phase of t h e  product ion cycle  i s  e x t r a c t i o n .  A s  a process ,  it i s  
e s s e n t i a l l y  continuous and l a r g e l y  automatic, t h e  e x t r a c t i v e  f o r c e  being pressure  
d i f f e r e n t i a l  suppl ied  e i t h e r  n a t u r a l l y  o r  by means of pumps. Consequently, e x t r a c -  
t i o n  c o s t s  t y p i c a l l y  are small i n  r e l a t i o n  t o  explora t ion  and development c o s t s .  
Put another  way, the g r e a t  bulk of t h e  charges t o  c u r r e n t  income from e x t r a c t i o n  a r e  
i n d i r e c t  (and f i x e d )  c o s t s  a s s o c i a t e d  wi th  explora tory  and developmental c a p i t a l  ou t -  
l a y s .  Even t h e  labor  c o s t s  of opera t ing  a r e s e r v o i r ,  c h i e f l y  f o r  record-keeping and 
f o r  genera l  superv is ion  and maintenance of t h e  w e l l s  and t h e i r  equipment, a r e  i n  t h e  
main f ixed  over a wide range of  output .  Other t h a n  u s e r  c o s t s ,  t h e  p r i n c i p a l  
v a r i a b l e  c o s t s  a r e  f u e l  c o s t s  and severance taxes .  
111. Supply i n  var ious  d e c i s i o n  per iods  

per iods .  We begin w i t h  t h e  s h o r t e s t  per iod ,  corresponding t o  t h e  e x t r a c t i o n  phase, 
i n  which only a few c o s t s  a r e  v a r i a b l e ,  and proceed i n  two s t e p s  t o  t h e  longest  
per iod,  corresponding t o  t h e  e x p l o r a t i o n  phase, i n  which a l l  c o s t s  a r e  v a r i a b l e .  A t  
each s t e p  i n  t h e  a n a l y s i s  w e  s h a l l  a t tempt  t o  i n d i c a t e  t h e  supply c h a r a c t e r i s t i c s  
t h a t  help expla in  t h e  l a r g e  e x t e n t  of governmental i n t e r f e r e n c e  with th i s  indus t ry .  

Assume i n  opera t ion  a given number 
of o i l  and gas  r e s e r v o i r s  of s p e c i f i e d  q u a l i t y ,  t h e s e  being t h e  r e s u l t  of p a s t  ex-  
p l o r a t o r y  and developmental e f f o r t .  (The c o s t s  of such e f f o r t  a r e  sunk, of course.) 
A t  f i r s t ,  assume each r e s e r v o i r  t o  be operated by a number o f  competi t ive producers, 
without mutual agreement o r  p u b l i c  r e g u l a t i o n .  The dec is ion  before  t h e  severa l  
opera tors  i s  t h e  r a t e  o f  e x t r a c t i o n  from each p r o p e r t y  a t  any p o i n t  i n  time--and, 
by impl ica t ion ,  t h e  t i m e - d i s t r i b u t i o n  of t o t a l  recovery from each r e s e r v o i r  over i t s  
opera t ing  l i f e .  

time push t h e  r a t e  of e x t r a c t i o n  from h i s  property t o  t h e  p o i n t  were marginal 
cos t - - the  increment t o  t o t a l  c o s t s  r e s u l t i n g  from t h e  l a s t  u n i t  ex t rac ted- -equals  
t h e  going p r i c e .  

The next  s t e p  i s  geophysical  t e ~ t i n g , ~  such as 

The process  i n c i d e n t a l l y  involves  discovery of t h e  

Outlays on explora t ion  and development i n  t h e  o i l  and g a s  i n d u s t r y  a r e  c a p i t a l  

We now cons ider  t h e  determinants  of o i l  and gas  supply i n  d i f f e r e n t  dec is ion  

A. Supply i n  t h e  e x t r a c t i o n  d e c i s i o n  per iod .  

In t h e  i n t e r e s t  of maximizing h i s  income, each opera tor  w i l l  a t  every point  i n  

The r e l e v a n t  marginal c o s t  i s  t h e  sum of two components: marginal 

J 

, 
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d i r e c t  c o s t  and marginal u s e r  c o s t .  Marginal u s e r  c o s t  f o r  t h e  i n d i v i d u a l  competi- 
t i v e  opera tor  i s ,  i n  t u r n ,  the sum of t h r e e  components: marginal u s e r  c o s t  of 
t iming,  mar i n a l  user  c o s t  of nonrecovery, and marginal u s e r  c o s t  of compet i t ive 

Marginal u s e r  cos t  of t i m i n g  i s  t h e  discounted p r e s e n t  va lue  of  t h e  net  r e -  
e x t r a c t i o n .  i? 

c e i p t s  ( g r o s s  r e c e i p t s  l e s s  d i r e c t  c o s t s )  s a c r i f i c e d  i n  f u t u r e  by e x t r a c t i n g  a 
u n i t  now t h a t  might have been e x t r a c t e d  a t  a later time. Given t h e  t o t a l  recover-  
a b l e  o i l  and g a s  i n  a r e s e r v o i r ,  a u n i t  produced now i s  a u n i t  t h a t  cannot be pro-  
duced l a t e r ;  a c o s t  of producing a u n i t  now t h e r e f o r e  i s  t h e  p r e s e n t  va lue  of t h e  
f u t u r e  income consequently s a c r i f i c e d .  Marginal u s e r  c o s t  of nonrecovery stems 
from t h e  f a c t  t h a t ,  a t  l e a s t  beyond some c r i t i c a l  p o i n t ,  u l t i m a t e  recovery from a n  
o i l  r e s e r v o i r  i s  inverse ly  r e l a t e d  t o  t h e  r a t e  o f  e x t r a c t i o n  p e r  u n i t  of time. 
( I n  genera l ,  t h i s  is  not  t r u e  o f  nonassociated gas  r e s e r v o i r s . )  
c o s t  of nonrecovery i s  t h e  d iscounted  present  value of t h e  n e t  r e c e i p t s  s a c r i f i c e d  

Thus marginal u s e r  

i 

i n  f u t u r e  through a d d i t i o n a l  nonrecovery r e s u l t i n g  from a u n i t  e x t r a c t e d  now. 

t u r e .  
o i l  and gas  produced through wells l o c a t e d  e n t i r e l y  on h i s  proper ty ,  even though 

g i n a l  u s e r  c o s t  of compet i t ive e x t r a c t i o n  is t h e  p r e s e n t  v a l u e  o f  t h e  n e t  r e c e i p t s  
s a c r i f i c e d  t o  a neighbor as t h e  r e s u l t  of e x t r a c t i n g  a u n i t  now from onels  own prop- 
e r t y .  The c o s t  i s  negat ive,  of course .  A u n i t  e x t r a c t e d  now i s  a u n i t  t h a t  cannot 
be l o s t  t o  a neighbor; a u n i t  no t  ex t rac ted  now i s  a u n i t  p o t e n t i a l l y  l o s t  t o  a 
neighbor. 

t i o n  c o s t s .  The higher  a r e  expected f u t u r e  p r i c e s  and t h e  lower a r e  expected f u t u r e  
c o s t s  of e x t r a c t i o n ,  t h e  l a r g e r  i s  t h e  present  va lue  of f u t u r e  n e t  r e c e i p t s  s a c r i -  
f i c e d  by e x t r a c t i n g  a u n i t  now. Thus, f o r  i n s t a n c e ,  t h e  expec ta t ion  of rising 
p r i c e s  r a i s e s  t h e  marginal u s e r  c o s t s  of timing and of nonrecovery and reduces cur -  
r e n t  supply, whi le  the e x p e c t a t i o n  of f a l l i n g  p r i c e s  lowers t h e  marginal user c o s t s  
of t iming and of nonrecovery and i n c r e a s e s  c u r r e n t  supply. 

T o  r e p e a t ,  i t  maximizes t h e  i n d i v i d u a l  compet i t ive o p e r a t o r ' s  income i f  he 
pushes t h e  r a t e  of e x t r a c t i o n  from h i s  proper ty  t o  t h e  poin t  where marginal c o s t  
equals  p r i c e .  But t h e  n e g a t i v e  component o f  marginal u s e r  cost--marginal  u s e r  c o s t  
of compet i t ive e x t r a c t  ion  - -may e n t i r e l y  of f  set the p o s i t i v e  components --marginal 
u s e r  c o s t s  of timing and o f  nonrecovery. If so, t h e  r a t e  of e x t r a c t i o n  i s  pushed 
t o  t h e  p o i n t  where only marginal  d i r e c t  cos t  equals  p r i c e .  There a r e  two undes i rab le  
consequences of t h a t .  F i r s t ,  supply becomes q u i t e  i n e l a s t i c ,  even a t  very low pr ices .  
Consequently, p r i c e  is h i g h l y  u n s t a b l e  i n  response t o  f l u c t u a t i o n s  i n  demand ( a s  
over t h e  business  cyc le) .  
t i v e  e x t r a c t i o n  i s  a p u r e l y  a r t i f i c i a l  p r i v a t e  c o s t ,  e x t r a c t i o n  i s  pushed t o  t h e  
p o i n t  where t h e  a c t u a l  marginal  c o s t  of a l l  opera tors  exceeds t h e  p r i c e .  Thus, 
even i f  t h e  market-clear ing p r i c e  y i e l d s  a net income t o  opera tors  c o l l e c t i v e l y ,  
t h a t  income i s  not  maximized w i t h i n  t h e  c o n s t r a i n t s  of t h e  opportuni ty .  I n  e f f e c t ,  
wastes  a r e  imposed upon t h e  system of e x t r a c t i o n ,  t h e s e  t a k i n g  t h e  s p e c i f i c  forms 
of improper d i s t r i b u t i o n  of e x t r a c t i o n  i n  time and l o s s  of u l t i m a t e  recovery. 
These imposed wastes  reduce supply  from each r e s e r v o i r  over i t s  l i f e  a s  a whole. 

compet i t ive e x t r a c t i o n  from common r e s e r v o i r s .  The f irst ,  and i n  p r i n c i p l e  most 
s a t i s f a c t o r y  of these ,  i s  t o  o p e r a t e  each r e s e r v o i r  as a uni t ,  d i v i d i n g  t h e  pro-  
ceeds from e x t r a c t i o n  among t h e  v a r i o u s  leaseholders  on t h e  basis of some equi tab le  
formula. 
of compet i t ive e x t r a c t i o n  and a l lows  u n i t  managers, on behalf of a l l  l easeholders ,  
t o  make e x t r a c t i o n  dec is ions  on t h e  b a s i s  of a c t u a l  marginal c o s t s .  Marginal user  

Marginal u s e r  cos t  of compet i t ive  e x t r a c t i o n  i s  of a n  e n t i r e l y  d i f f e r e n t  na- 
It stems from t h e  " r u l e  o f  cap ture ,"  under which a n  opera tor  i s  e n t i t l e d  t o  

t h e  minera ls  may have migrated underground from adjo in ing  p r o p e r t i e s .  Thus, mar- f 
(4 

r 

Marginal u s e r  c o s t s  obviously depend upon expected f u t u r e  p r i c e s  and e x t r a c -  

Second, s i n c e  t h e  nega t ive  marginal u s e r  c o s t  of competi- 

There are two genera l  approaches t o  removing o r  l i m i t i n g  t h e  wastes caused by 

This  approach simply removes t h e  source o f  negat ive marginal u s e r  c o s t s  
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c o s t s  of t iming and of nonrecovery a r e  i n  e f f e c t  f r e e d  t o  perform t h e i r  e x t r a c t i o n -  
l i m i t i n g  f u n c t i o n  a t  any poin t  i n  t i m e ,  p a r t i c u l a r l y  when c u r r e n t  p r i c e s  tend t o  
f a l l  r e l a t i v e  t o  expected f u t u r e  p r i c e s .  Supply consequently i s  more e l a s t i c  than 
under f r e e  competi t ive e x t r a c t i o n .  A l l  producing s t a t e s  permit  and even encourage 
voluntary  u n i t i z a t i o n  agreements, but only a few--and t h o s e  n o t  t h e  p r i n c i p a l  p r o -  
ducing s t a t e s - - p r o v i d e  any compulsion i n  u n i t i z i n g  o i l  and g a s  r e s e r v o i r s .  

t o  r e g u l a t e  product ion d i r e c t l y ,  a s s i g n i n g  product ion quotas  by w e l l s  t o  l e a s e -  
ho lders .  The t o t a l  a l lowable  product ion t y p i c a l l y  i s  l i m i t e d  by -the smaller  of 
( a )  t h e  sum of t h e  r e s e r v o i r  e x t r a c t i o n  r a t e s  c o n s i s t e n t  with near-maximum u l t i m a t e  
recovery o r  ( b )  t h e  t o t a l  q u a n t i t y  demanded at  t h e  going p r i c e ,  whatever t h a t  may 
be.7 Well quotas a r e  based on r e l a t i v e l y  i n f l e x i b l e  formulas i n  which wel l  d e n s i t y  
and depth a r e  t h e  usual  arguments. The quota  formulas u s u a l l y  encourage dense well 
d r i l l i n g  t o  maximize leasehold  al lowables ,  so it i s  necessary t o  r e g u l a t e  w e l l -  
spacing a l s o .  This  approach looks  not  t o  removing t h e  source of negat ive  marginal 
user  c o s t s  of compet i t ive e x t r a c t i o n ,  but r a t h e r  t o  c o n t r o l l i n g  o p e r a t o r s '  r e s -  
ponses t o  such c o s t s  by means of d e t a i l e d  r e g u l a t i o n .  The a d m i n i s t r a t i v e  neces-  
s i t y  o f  r e l y i n g  upon formulas prevents  t h e  f l e x i b l e  adjustment of marginal c o s t  t o  
p r i c e  requi red  f o r  continuous income maximization. The system g e n e r a l l y  e l imina tes  
wastes of nonrecovery, bu t  s t u d e n t s  f t h e  i n d u s t r y  a r e  agreed t h a t  it s t imula tes  
excessive d r i l l i n g  and overcapaci ty .8  The wastes i t  permits ,  whi le  f a r  l e s s  than  
those  of f r e e  competi t ive e x t r a c t i o n ,  s i g n i f i c a n t l y  reduce supply from each r e s e r -  
v o i r  over i t s  l i f e  a s  a whole. 

I n  t h e  e x t r a c t i o n  d e c i s i o n  per iod ,  t h e  s p e c i a l  income t a x  allowances f o r  o i l  
and g a s  have l i t t l e  o r  no e f f e c t  on supply under e i t h e r  u n i t i z a t i o n  o r  r e g u l a t i o n  
approaching t h e  condi t ions  o f  u n i t i z a t i o n .  The reason i s  t h a t  t h e  allowances have 
roughly o f f s e t t i n g  e f f e c t s  on c u r r e n t  ne t  r e c e i p t s  and marginal  u s e r  c o s t s .  Under 
f r e e  competi t ive e x t r a c t i o n ,  with marginal u s e r  c o s t s  depressed perhaps t o  zero  
because of t h e  nega t ive  component i n  them, the s p e c i a l  a l lowances encourage exces-  
s l v e l y  r a p i d  e x p l o i t a t i o n  and reduce supply f r o m  each r e s e r v o i r  over i ts  l i f e  as  
a whole. 

Assume now a g iven  number of  
undeveloped o i l  and g a s  d i s c o v e r i e s  of s p e c i f i e d  q u a l i t y ,  t h e s e  being t h e  r e s u l t  of 
p a s t  explora tory  e f f o r t .  (The costs of t h e  explora tory  e f f o r t  a r e  sunk, of course.)  
The d e c i s i o n  before  t h e  severa l  opera tors  i s  t h e  r a t e  of investment i n  development 
w e l l s  and equipment w i t h  a view t o  making new e x t r a c t i v e  c a p a c i t y  a v a i l a b l e .  I n  
e f f e c t ,  t h e  d e c i s i o n  determines t h e  supply of developed r e s e r v o i r s ,  which supply 
becomes t h e  p r i n c i p a l  b a s i s  of o i l  and gas  supply i n  t h e  e x t r a c t i o n  dec is ion  per iod .  

Again w i t h  a view t o  maximizing h i s  income ( o r  r a t h e r  t h e  p r e s e n t  worth of i t ) ,  
each opera tor  w i l l  push development investment t o  t h e  p o i n t  where t h e  present  value 
of t h e  expected increment t o  n e t  r e c e i p t s  from t h e  l a s t  investment i s  j u s t  equal  
t o  t h e  a s s o c i a t e d  increment t o  t o t a l  investment ou t lays .  I n  forming es t imates  of 
incremental  net  r e c e i p t s ,  t h e  opera tor  must cons ider  t o t a l  recoverable  o i l  and gas  
i n  each r e s e r v o i r ,  t h e  n a t u r e  o f  t h e  g a s - o i l  combination, t h e  probable  t i m e - d i s t r i -  
bu t ion  of recovery, t h e  a s s o c i a t e d  degree of avoidable  nonrecovery, and t h e  probable  
time-path of p r i c e s  and e x t r a c t i o n  c o s t s  over t h e  opera t ing  l i f e  o f  t h e  r e s e r v o i r .  
The necessary increment t o  t o t a l  investment o u t l a y s  i s  a f f e c t e d  by depth and s i m i l a r  
in f luences  on d r i l l i n g  c o s t s ,  a c c e s s i b i l i t y  o f  d r i l l i n g  s i t e s ,  and t h e  number Of  

w e l l s  c o n s i s t e n t  wi th  t h e  probable t i m e - d i s t r i b u t i o n  of recovery.  

p r i c e s ,  t h e  lower t h e  q u a l i t y  of discovery it  is economical t o  develop. Thus, t h e  
e l a s t i c i t y  of supply i n  t h e  development d e c i s i o n  per iod  r e f l e c t s  t h e  q u a l i t a t i v e  
d i s t r i b u t i o n  of d i s c o v e r i e s  made through explora t ion .  No d iscovery  w i l l  be deve l -  
oped unless  the  expected p r i c e  w i l l  cover expected e x t r a c t i o n  c o s t s  p l u s  development 

The o ther  approach--the one almost u n i v e r s a l l y  used i n  the United S t a t e s - - i s  

B. 1. 

Other f a c t o r s  being t h e  same, t h e  h igher  t h e  expected l e v e l  of o i l  and gas  
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c o s t s ,  whi le  an a l ready  developed r e s e r v o i r  w i l l  be operated i f  t h e  p r i c e  covers 
no rrore than e x t r a c t i o n  c o s t s .  Consequently, t h e  e l a s t i c i t y  o f  supply i n  t h e  
development dec is ion  per iod  i s  g r e a t e r  than t h a t  i n  t h e  e x t r a c t i o n  dec is ion  per iod .  

The genera l  l eve l  of supply- - the  s i z e  of t h e  q u a n t i t i e s  made a v a i l a b l e  a t  
d i f f e r e n t  p r i c e s - - i n  t h e  development d e c i s i o n  per iod  v a r i e s  d i r e c t l y  w i t h  t h e  e f f i -  
c iency of  e x t r a c t i o n  expected.  Under f r e e  competi t ive e x t r a c t i o n ,  avoidable  non- 
recovery of o i l  and gas  and t h e  number of w e l l s  each opera tor  must d r i l l  both a r e  
l a r g e  r e l a t i v e  t o  the s i t u a t i o n  under u n i t i z e d  opera t ion  of r e s e r v o i r s .  Conse- 
quent ly ,  given t h e  q u a l i t y  of d i s c o v e r i e s  a v a i l a b l e  f o r  development, t h e  number it 
i s  economical t o  develop a t  each expected p r i c e  l e v e l  is smal le r  under f r e e  com- 
p e t i t i v e  e x t r a c t i o n  than under u n i t i z a t i o n ;  which i s  t o  say, supply i s  smaller  under 
f r e e  competi t ive e x t r a c t i o n  t h a n  under u n i t i z a t i o n .  For similar reasons,  but t o  a 
l e s s c r  degree,  supply i s  smal le r  under t h e  p r e v a i l i n g  system of  d e t a i l e d  product ion 
r e g u l a t i o n  than under u n i t i z a t i o n .  

The s p e c i a l  income t a x  al lowances f o r  o i l  and gas  have a s i g n i f i c a n t  e f f e c t  on 
supply i n  t h e  development d e c i s i o n  per iod .  Rela t ive  t o  a s i t u a t i o n  of equal taxa-  
t i o n  of income from a l l  sources ,  they increase  t h e  ne t  r e c e i p t s  from e x t r a c t i o n  a t  
any g iven  p r i c e  l e v e l  and t h u s  i n c r e a s e  t h e  number of d i s c o v e r i e s  it i s  economical 
t o  develop a t  each expected p r i c e  l e v e l . 9  
per iod .  

C .  Supply i n  the e x p l o r a t i o n  d e c i s i o n  per iod .  A t  t h e  o u t s e t  of t h e  explora t ion  
d e c i s i o n  per iod,  opera tors  are  confronted with an a r r a y  of g e n e r a l  p rospec ts  of 
v a r i o u s  supposed q u a l i t i e s .  Knowledge of t h e s e  prospec ts  i s  g e n e r a l l y  a v a i l a b l e ;  no 
s i g n i f i c a n t  c o s t s  a re  sunk a t  the beginning o f  t h e  dec is ion  per iod .  The dec is ion  
before  opera tors  i s  t h e  r a t e  of investment i n  explora t ion  wi th  a view t o  making new 
d i s c o v e r i e s  a v a i l a b l e  f o r  development. 

p o i n t  where t h e  present  va lue  o f  t h e  expected increment t o  ne t  r e c e i p t s  from t h e  
l a s t  investment i s  j u s t  equa l  t o  t h e  a s s o c i a t e d  increment t o  t o t a l  investment ou t -  
l a y s .  The f a c t o r s  r e l e v a n t  t o  expected ne t  r e c e i p t s  from explora t ion  a r e  the same 
as those i n  t h e  development d e c i s i o n ,  except t h a t  expected development out lays  e n t e r  
as a d d i t i o n a l  negat ive arguments. The necessary increment t o  investment ou t lays  
r e f l e c t s  a c c e s s i b i l i t y  o f  p rospec ts ,  depth of promising formations and t h e  d i f f i c u l t y  
of d r i l l i n g  through in te rvening  formations.  

t a t i v e  d i s t r i b u t i o n  of a v a i l a b l e  prospec ts .  
u n l e s s  t h e  expected p r i c e  of o i l  and g a s  w i l l  cover expected explora t ion  p l u s  develop- 
meri tpks e x t r a c t i o n  c o s t s ,  while an a l ready  discovered depos i t  w i l l  be developed i f  
t h e  expected p r i c e  w i l l  cover only expected development p l u s  e x t r a c t i o n  c o s t s ,  the  
e l a s t i c i t y  of supply i n  t h e  e x p l o r a t i o n  dec is ion  per iod i s  g r e a t e r  than  t h a t  i n  t h e  
development dec is ion  per iod .  Whatever t h e  l e v e l  of demand i n  t h i s  longes t  of d e c i -  
s i o n  per iods ,  t h e  market-clear ing p r i c e  covers f u l l  c o s t s  o f  t h e  complete product ion 
cyc le .  

For  reasons i d e n t i c a l  wi th  t h o s e  given i n  t h e  d i s c u s s i o n  o f  t h e  development 
d e c i s i o n  per iod,  supply i n  the e x p l o r a t i o n  dec is ion  per iod i s  reduced by t h e  wastes 
of f r e e  competi t ive e x t r a c t i o n  and d e t a i l e d  product ion r e g u l a t i o n  r e l a t i v e  t o  
u n i t i z e d  opera t ion  of r e s e r v o i r s ;  and i s  increased  by the s p e c i a l  income t a x  al low- 
ances r e l a t i v e  to a s i t u a t i o n  o f  equal  t a x a t i o n  of income from a l l  sources .  

In  s h o r t ,  they i n c r e a s e  supply i n  t h i s  

A s  wi th  development, each o p e r a t o r  w i l l  push explora tory  investment t o  t h e  

The e l a s t i c i t y  o f  supply in  t h e  explora t ion  d e c i s i o n  per iod  r e f l e c t s  t h e  q u a l i -  
Since no prospect  w i l l  be  f u l l y  explored 

IV. The p r i c e  of  o i l  and gas i n  t h e  very  long  run 

o i l  and g a s  i n  large--even increasing--amounts, a t  some p o i n t  t h e  q u a l i t y  of re- 
maining explora tory  prospec ts  i n e v i t a b l y  begins  t o  d e c l i n e .  O i l  and g a s  must be 
searched f o r  i n  l e s s  a c c e s s i b l e  p laces ,  a t  g r e a t e r  depths ,  i n  l e a n e r  depos i t s .  The 
long-run supply thus  t e n d s  t o  d e c l i n e ,  and t h e  market-clear ing p r i c e  tends  t o  r i s e .  

A s  a country such a s  the United S t a t e s  cont inues t o  use domest ica l ly  produced 
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We have long s ince  passed t h e  poin t  of d e c l i n i n g  q u a l i t y  of p rospec ts  and have thus 
f a r  aver ted  r i s i n g  r e l a t i v e  p r i c e s  only through continued progress  i n  t h e  technology 
of f i n d i n g  and e x t r a c t i n g  o i l  and gas  and gradual  reduct ion  of t h e  wastes  of com- 
p e t i t i v e  e x t r a c t i o n .  

a s  it i s  were it  not  i n s u l a t e d  from f o r e i g n  competi t ion;  and t h e  volume of produc- 
t i o n  would not be as g r e a t  a s  it i s  a t  t h a t  p r i c e  were it  not f o r  t h e  s p e c i a l  
income t a x  allowances. The p r i c e  i s  no h igher  than  it i s  a t  l e a s t  p a r t l y  because 
a t  s l i g h t l y  h igher  p r i c e s  sha le  o i l  would make s i g n i f i c a n t  compet i t ive inroads i n t o  
crude o i l  markets. The p r i c e  of domest ical ly  produced gas  i s  f r e e r  o f  t h r e a t s  from 
f o r e i g n  sources  and s u b s t i t u t e s  bu t ,  assuming t h e  r e g u l a t o r y  a u t h o r i t i e s  w i l l  con- 
t i n u e  t o  permit increases  over time, it w i l l  not always be. Under t h e s e  circum- 
s t a n c e s ,  t h e  primary i s s u e  r a i s e d  by t h e  long-run supply of o i l  and gas  i s  not t h e  
course of p r i c e s  and the a v a i l a b i l i t y  of f u e l s ,  but r a t h e r  t h e  s u r v i v a l  of t h e  o i l  
and g a s  indus t ry  as  we know it. If supply decreases  w i t h  d e t e r i o r a t i n g  explora tory  
prospec ts ,  t h e  i n d u s t r y  must shr ink  accordingly.  

can a c c e l e r a t e  improvements i n  t h e  regula tory  system, moving i d e a l l y  toward universa l  
u n i t i z a t i o n  of  r e s e r v o i r s  and r e l a x a t i o n  of d e t a i l e d  formula r e g u l a t i o n s .  The po- 
t e n t i a l  c o s t  reduct ions  i n  t h i s  a r e a  may be a s  much a s  one- th i rd  t h e  going p r i c e .  
Second, the  indus t ry  can devote s t i l l  more e f f o r t  t o  technologica l  improvements. 
The a r e a s  o f f e r i n g  t h e  g r e a t e s t  scope f o r  improvement a r e  p r e d r i l l i n g  explora t ion  
technique,  d r i l l i n g  technique and recovery of o i l  i n  place.  The progress  a l ready  
made i n  t h e s e  a r e a s  g i v e s  reason f o r  hope t h a t  t h e  p r i c e  of o i l  and gas  may a c t u a l l y  
d e c l i n e ,  and t h e  i n d u s t r y  may renew its growth, i n  t h e  decades immediately ahead. 

Today, t h e  p r i c e  of crude o i l  i n  t h e  United S t a t e s  would not be near ly  a s  high 

There a r e  two l i n e s  of escape. F i r s t ,  t h e  i n d u s t r y  and i t s  l e g i s l a t i v e  f r i e n d s  

I 

Y 
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FOOTNOTES 

* 
1 

1. Under t h e  " r u l e  of c a p t u r e , "  an opera tor  i s  e n t i t l e d  t o  o i l  o r  g a s  produced 

The au thor  is P r o f e s s o r  of Economics a t  t h e  Univers i ty  of Texas. 

through w e l l s  loca ted  e n t i r e l y  on h i s  proper ty ,  even though t h e  minerals  may have 
migrated i n  response t o  g r a v i t y  o r  p r e s s u r e  d i f f e r e n t i a l  i n  t h e  n a t u r a l  r e s e r v o i r  
from t h e  proper ty  of o t h e r s .  
l a t i o n ,  obviously provides  i n c e n t i v e  f o r  r a p i d ,  compet i t ive e x p l o i t a t i o n  of a 
common r e s e r v o i r  by m u l t i p l e  l e a s e h o l d e r s .  

The r u l e ,  if unmodified by mutual agreement o r  regu-  

2. The condi t ion of many a c t u a l  and p o t e n t i a l  s e l l e r s  p r e v a i l s  i n  t h e  o i l  and 
g a s  i n d u s t r y .  Accordingly, f o r  purposes o f  this paper we ignore t h e  c h a r a c t e r i s t i c s  
o f  supply i n  i n d u s t r i e s  where this condi t ion  i s  absent .  

3 .  User c o s t s  r e f l e c t  consumption of c a p i t a l  r e s u l t i n g  from use, a s  d i s t i n -  
guished from mere passage of t ime.  

4. Depending upon t h e  e x a c t  s i t u a t i o n ,  some geophysical  t e s t i n g  may occur i n  
advance of l e a s i n g .  

5. American Petroleum I n s t i t u t e ,  Independent Petroleum Assn. of America, 
Mid-Continent O i l  and Gas Assn., J o i n t  Assoc ia t ion  Survey, 1960 (Dec. 1962). The 
Survey i n d i c a t e s  t h a t  e x p l o r a t i o n  c o s t s  a r e  c l o s e  t o  one-half of t o t a l  explora t ion  
and development out lays .  However, t h e  Survey 's  c o s t  c l a s s i f i c a t i o n  scheme ass igns  
a l l  d r y  h o l e  c o s t s  t o  explora t ion ,  even though about one-half o f  a l l  dry  holes  a r e  
d r i l l e d  i n  developing proven d i s c o v e r i e s .  

6. The use r  cost  terminology i s  based on Paul  Davidson, "Public Pol icy  Problems 
of t h e  Domestic Crude O i l  I n d u s t r y , "  American Economic Review, March 1963, pp. 91-96. 

7. T h i s  obviously leaves  t h e  market -c lear ing  p r i c e  indeterminate .  Presumably 
it is  s e t  by some p r i c e  l e a d e r  on the basis of average c o s t  p l u s  t a r g e t  p r o f i t .  
I r o n i c a l l y ,  average c o s t  v a r i e s  i n v e r s e l y  wi th  the volume o f  output permi t ted .  

8. F o r  a more d e t a i l e d  d i s c u s s i o n  of t h e s e  wastes ,  see  James W. McKie and 
Stephen L. McDonald, "Petroleum Conservat ion in  Theory and Prac t ice ,"  Quarter ly  
Journa l  of Economics, February 1962, pp. 98-121. 

9.  T h i s  i s  not t o  say that  t h e  allowances increase  t h e  number of d i scover ies  
i t  i s  economical t o  develop r e l a t i v e  t o  a s i t u a t i o n  of no income t a x e s  a t  a l l .  For 
d e t a i l e d  d iscuss ion  of t h e  e f f e c t s  of t h e  allowances, see Stephen L. McDonald, 
Federa l  Tax Treatment of  Income from O i l  and Gas (Washington: The Brookings 
I n s t i t u t i o n ,  1963). 
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ECONOMIC ASPECTS OF UNCONVENTIONAL ENERGY RFSOURCES 

Richard A. Tybout 

Department of Economics 
Ohio S t a t e  Univers i ty  

Columbus, Ohio 

The two most important unconventional energy resources today a r e  atomic energy 
and s o l a r  energy. Importance i s  here  judged by t h e  a b i l i t y  of  t hese  two energy re -  
sources t o  shoulder important p a r t s  of t h e  world's  energy load before  t h e  end o f  t he  
present  century.  It i s  a l s o  influenced by a l ack  of resource r e s t r i c t i o n s  f o r  t h e  
i n d e f i n i t e  fu tu re  i n  t h e  case of s o l a r  energy and a comparative l ack  of  resource 
r e s t r i c t i o n s  i n  t h e  case  of atomic energy i f ,  as and when t h e  breeding of nuclear 
fue l s  becomes economically a t t r a c t i v e .  But t h i s  judgment of high promise i n  t h e  
case of atomic energy remains qua l i f i ed ,  a s  we shall  note, by problems of disposing 
of  t h e  l a r g e  quan t i t i e s  of nuclear waste ma te r i a l s  that  would b e  c rea ted  by exten- 
s ive  nuclear power generation. 

The unconventional energy resources abound, but are e i t h e r  inherent ly  l imi ted  
i n  poss ib le  s ign i f icance  or unproven economically t o  t h e  b e s t  knowledge of t h e  author.  
I n  t h e  f i r s t  group are wind and geothermal energy. For s p e c i f i c  l oca t ions ,  geother- 
m a l  energy has been of considerable value but  cur ren t  commercial output i s  even now 
only about 1,000 megawatts e l e c t r i c a l  (MWI, with about as much again i n  t h e  form of 
known reserves .1  The prospects f o r  u t i l i z a t i o n  of  wind power a r e  s imi l a r ly  l imi t ed .  
Af te r  ca re fu l  study, Putnam gives wind power a p o t e n t i a l  a proximately one - f i f th  
that  of hydroe lec t r ic  power i n  t h e  world's  energy economy, 
destined t o  sup l y  only  one or two pe r  cent of t h e  wor ld ' s  energy load  f o r  t h e  fo re -  
seeable fu ture .3  Putnam's ana lys i s  was  heavi ly  influenced by h i s  requirements f o r  
constancy of wind speed, which might not be as important i f  low cos t  storage becomes 
ava i lab le .  
including f u e l  c e l l s ,  cont ro l led  b io log ica l  photosynthesis of f i x e d  carbon i n  a l g a  
and o thers .  
i t s  author).  

5 . '  which i n  t u r n  seems 

I n  t h e  second category a r e  a v a r i e t y  of devices of unknown p o t e n t i a l ,  

By de f in i t i on ,  these  a r e  beyond t h e  scope of t h e  p re sen t  ana lys i s  (and 

Nuclear Power 

Economic analyses of t h e  prospects f o r  nuclear power have been dominated wi th in  
t h e  pas t  year by t h e  dec is ion  of  an e l e c t r i c  u t i l i t y ,  Je rsey  Cent ra l  Power and Light 
Conpany, t o  bu i ld  a nuclear p l an t ,  t h e  Oyster Creek Nuclear E l e c t r i c  Generating 
S ta t ion ,  t o  
hour (kwhr).$ This cos t  i s  below that which t h e  Atomic Energy Commission (AEC) had 
predic ted  l i k e l y  by 1970-75 i n  i t s  1962 "Report t o  t h e  President."5 The t u r n  of 
events na tu ra l ly  has a t t r a c t e d  considerable a t t e n t i o n  and w i l l  be used here  as a 
s t a r t i n g  poin t  f o r  appra i sa l  of t h e  economics of  nuclear power. The c e n t r a l  question 
pursued i n  t h e  following paragraphs i s  whether Je rsey  C e n t r a l ' s  ca lcu la t ions  r e f l e c t  
t h e  t r u e  cos t  of nuclear e l e c t r i c  power today. It w i l l  be  found tha t  they  come close 
t o  doing s o ,  but t h a t  for a society-wide evaluation of  t h e  portend of nuclear power, 
somewhat higher cos t s  should be used. The l a t t e r  are supplied and t h e i r  implications 
f o r  t h e  f u r t h e r  adoption of  nuclear technologies suggested. 

roduce e l e c t r i c  power a t  a cos t  i n  t h e  range of 4 m i l l s  pe r  kilowatt-  

Cost Determinants 

of nuclear power and conventional f o s s i l  f u e l  generated power i n  any given s i tua t ion .  
These a re :  

There a r e  f i v e  important economic va r i ab le s  t h a t  determine t h e  r e l a t i v e  cos t s  
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Annual f ixed charge on c a p i t a l  
Use fac tor  (defined a s  r a t i o  of kwhr a c t u a l l y  generated over 
p l a n t  l i f e t i m e  t o  product:  p lan t  capaci ty  x l i f e t i m e  hours i n  
serv ice)  
Size o f  p lan t  
Level of f u e l  cos t  
Public policy 

- 
1. 
2. 

3.  
4. 
5. 

The f i rs t  two var iab les  a re  important because nuclear power i s  more c a p i t a l  intensive 
than conventional power, <.e . ,  f o r  a given l e v e l  o f  output,  a l a r g e r  proportion of 
nuclear power c o s t s  are  i n  t h e  form of c a p i t a l  expenses than i s  the  case f o r  conven- 
t i o n a l  power. 
c l e a r  power and t h e  converse of  bo th  favor f o s s i l  f u e l  power. The t h i r d  var iab le  
der ives  i t s  importance from t h e  f a c t  t h a t  nuclear power cos ts  a re  reduced propor- 
t i o n a t e l y  more by increasing p l a n t  s i z e  than are conventional power costs .  The 
l a r g e r  t h e  p lan t ,  t h e  more favorable  a re  t h e  per kwhr c o s t s  f o r  nuclear power. 

Thus, a l o w  annual f ixed charge and a high use f a c t o r  both favor nu- 

The l e v e l  of f o s s i l  f u e l  cos t  i s  influenced i n  important degree by t ranspor ta t ion  
expenses. 
BTU i 
West.g In cont ras t ,  nuclear f u e l  i s  f o r  all p r a c t i c a l  purposes weightless per unit 
energy content.  
To t h e  extent  t h a t  nuclear power comes i n t o  use a t  competitive cost  l e v e l s  i n  t h e  
United S t a t e s ,  it w i l l  tend t o  even out t h e  geographic cost  s t r u c t u r e  of e l e c t r i c i t y ,  
though improvements i n  t h e  technology of long dis tance power transmission a r e  already 
working i n  t h i s  d i rec t ion .  

Thus, t h e  range i n  f u e l m s t  i n  t h e  United S t a t e s  i s  from 8 cents  per mill ion 
Texas t o  over 40 cents  per  mi l l ion  BTU i n  p a r t s  of New England and t h e  Far 

One pound of nuclear  f u e l  i s  t h e  equivalent of 1300 tons of coal.  

Final ly ,  t h e r e  i s  t h e  e f f e c t  of publ ic  p o l i c i e s .  A_FC has helped f inance a l a r g e  
number of high cos t  nuclear power s t a t i o n s  a s  a way of advancing power technologies,7 
and t h e r e  i s  every reason t o  expect these  p o l i c i e s  w i l l  continue. The c o s t s  of the 
p l a n t s  and the  power they produce must be charged against  technological  progress,  
including t h e  development of converter  and breeder reac tors .  The same must be said 
of var ious publ ic  a ids  t o  l a r g e  nuclear  p l a n t s  now on t h e  l i n e  but embodying e a r l i e r  
vers ions of' technologies now becoming competitive.8 To t h e  extent  t h a t  publ ic  costs  
a re  incurred f o r  nuclear  power s t a t i o n s ,  these  a r e  p a r t  of t h e  t o t a l  cos ts  t h a t  must 
be counted on a s o c i a l  balance sheet  f o r  t h e  evaluat ion of nuclear power. 

Oyster Creek Plan t  

Je rsey  Central .  Three a l t e r n a t i v e s  were considered: (1) a mine-mouth coal-f i red 
p l a n t  i n  western Pennsylvania which would feed e l e c t r i c i t y  i n t o  the  GPU system9 
through addi t iona l  high vol tage t ransmission l i n e s ;  (2)  a coa l - f i red  p lan t  a t  t h e  
Oyster Creek s i t e ;  and (3) t h e  Oyster Creek nuclear p lan t .  
been reduced t o  annual equivalents.1° 
f o r  blocks of y e a r s  by p lan t  age: 
Annual cos ts  were d i f f e r e n t  i n  each block of years,  due espec ia l ly  t o  a v a r i a t i o n  i n  
expected f u e l  cycle  cos ts .  I n  reducing t h e  Jersey Central  f igures  t o  annual equiva- 
l e n t s ,  t h e  reported cos ts  f o r  each block of years  were mult ipl ied by t h e i r  present 
worth f a c t o r s  and the  sum of a l l  such weighted c o s t s  were divided by t h e  present  
worth f a c t o r  f o r  t h e  e n t i r e  30 year  period. 

Table 1 summarizes t h e  comparison of f o s s i l  f u e l  and nuclear  power cos ts  made by 

A l l  production cos ts  have 
The f i g u r e s  reported by Jersey  Central  were 

1-5 years ,  6-10 years ,  11-20 years  and 21-30 years .  

The three  d i f f e r e n t  c a p a c i t i e s  l i s t e d  f o r  t h e  Oyster Creek Nuclear Plant  r e f l e c t  
an expected "s t re tch-out"  i n  capac i ty  a f t e r  the  p lan t  g e t s  i n t o  operation. 
E l e c t r i c ,  t h e  suppl ier  of t h e  nuclear  p l a n t ,  has s e t  a guaranteed capaci ty  of 565 KW 
but a n t i c i p a t e s  that "s t re tch-out"  w i l l  be rea l ized .  
620 KW "stretch-out" ,  but even w i t h  a "s t re tch-out"  t o  565 KW, t h e  f igures  i n  
Table 1 give t h e  edge t o  t h e  nuclear  p lan t .  
Table 1 t h e  advantage o f  t h e  Western Pennsylvania over the  Oyster Creek F o s s i l  Fuel 
p l a n t ,  a t t e s t i n g  t o  the  low c o s t s  of long dis tance power transmission today. A s  a 
r e s u l t ,  a p l a n t  located a t  t h e  mine mouth can take advantage of the  lower cos ts  of 
shipping e l e c t r i c i t y  r a t h e r  than coa l .  

General 

Je rsey  Central  plans f o r  t h e  

It i s  i n t e r e s t i n g  a l s o  t o  note from 
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TABLE 1 

Jersey Central Power and Light Company 
Cost Comparisons f o r  Oyster Creek Plant 

( l i f e t ime  annual equivalent cos t s ,  mills/kwhr) 

Foss i l  Fuel P lan ts  (600 MW) Oyster Creek 
Western Oyster Nuclear Plant 
Pa. Creek 515Mw 565MW 620NW - - -  

Plant  cos t ,  S / K W ~  105 110 132 120 100 
Foss i l  fue l  cost  per lo6 BTU 17c 26c 

b Fixed charges, mills/kwhr 
P lan t  and other working c a p i t a l  1 .771  1.449 1.770 1.613 1.474 
Fuel working c a p i t a l  0.033 0.047 0.348 0.326 0.29L 

Fuel expense 1.599 2.301 1.384 1.371 1.365 
0.405 Other operation and maintenance 0.493 

Total' 3.897 4.203 
- 0.594 0.551 0.516 

4.096 3.861 3.650 
--- 

a Transmission cos t s  a r e  included i n  fixed plant costs.  

Annual equivalent cos t s  a r e  the  weighted average of age-related cos t s  reported by 
Jersey  Central. h'eighting was made using present worth fac tors .  
used a 10.39% fixed charge on c a p i t a l ,  s t r a i g h t  l i n e  deprec ia t ion  expected l i f e  of 
30 years i n  a l l  p l an t s  and 40 years on transmission f a c i l i t i e s .  
f ac to r s  were assumed iden t i ca l  f o r  a l l  p l an t s  at 83 percent ,  but t h e  load fac tor  
ca l cu la t ion  f o r  the  f o s s i l  fue l  p l an t s  w a s  made using an "equivalent system" tech- 
nique. See Report, pp. 13-14. 

Minor d i f fe rencebetween t o t a l s  and sums of corresponding f igu res  a r e  due t o  round- 
ing. 

Je rsey  Central 

Lifetime load 

Source: Jersey Central  Power and Light Company, Report on Economic Analysis for  Oyster -- Creek Nuclear E lec t r i c  Generating S ta t ion  (February 1 7 ,  1964), Tables 1, 2 ,  3 
a s  modified by footnote b, above. 

I 
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The relevance of t h e  Jersey  Cent ra l  r e s u l t s  f o r  a nation-wide evaluat ion of nu- 
c l e a r  power depends on a nmber  of considerat ions,  including a t  l e a s t  th ree  points  
t h a t  have been raised i n  publ ic  discussion: 
( 3 )  the  prospects  for  "s t re tch-out";  and (3) whether the  b id  p r i c e  by t h e  General 
E l e c t r i c  Company f o r  t h e  nuclear  por t ions  of t h e  Oyster Creek p l a n t  represents  t r u e  
c o s t s  t o  GE ( a t  some assumed volume of production of s imi la r  p l a n t s ) ,  or whether, as 
some haxe argued, GE b id  too  low f o r  t h e  p lan t  cos ts  t o  be considered typ ica l .11  

(1) t h e  appropriate annudl f ixed  charge; 

It i s  unavoidably t r u e  t h a t  Je rsey  Central  used methods of determining required 
revenue f o r  f i x e d  charges t h a t  r e f l e c t  r a t e  making p r a c t i c e s  i n  the  s t a t e  of New 
Jersey and t h e  f inanc ia l  s t r u c t u r e  of t h e  u t i l i t y  i t s e l f  (although t h e  l a t t e r  was 
s implif ied f o r  the  sake of t h e  publ ic  r e p o r t ) .  It i s  another mat ter ,  however, t o  
develop f i g u r e s  for  a na t iona l  comparison. Using average s t a t e  and federa l  taxes ,  
average cos t  of c a p i t a l  and o t h e r  representa t ive  conditions,  t h e  Federal  Power Com- 
mission recommends a f i g u r e  of 13.9 per  cent f ixed charge on c a p i t a l  i n  making com- 
par isons of  production costs.12 
aown t o  13.5 per  cent t o  r e f l e c t  t h e  1964 f e d e r a l  corporation income tax reduction 
combined with omission of insurance charges.  This i s  s i g n i f i c a n t l y  higher than the  
10.39 per  cent  used b y  Je rsey  Cent ra l .  
they a re  very d i f f e r e n t  f o r  t h e  nuclear and conventional p l a n t s .  

For t h e  purpose a t  hand, t h i s  f igure  w i l l  be rounded 

Insurance charges a re  t r e a t e d  separately s ince 

Tne evidence regarding "s t re tch-out"  i s  inconclusive.  Phi l ip  Sporn, a respected 
spokesman f o r  t h e  e l e c t r i c  u t i l i t y  indus t ry ,  has estimated t h a t  t e n  per  cent i s  t he  
most l i k e l y  "s t re tch-out .  "13 A General E l e c t r i c  spokesman p r e d i c t s  t h a t  t h e  fu ture  
t rend w i l l  be toward design and cos t  es t imates  with l e s s  than 20 per  cent s t re tch.14 
In t h e  absence of more conclusive information, t h e  10 per cent f igure  I s  here judged 
s a f e s t  t o  use f o r  nuclear power cost  comparisons. 

The General Elec t r ic  Company i s  probably t h e  bes t  au thor i ty  f o r  t h e  question of 
f u t u r e  cont rac t  p r ices  involving t h e  c;E boi l ing  water reac tor .  The p r i c e s  and p o l i -  
c i e s  published by GE on September 21, 1964 form t h e  b a s i s  for da ta  t h a t  will be used 
TO represent  t h e  nuclear power p o t e n t i a l  i n  Table 2. 
higher than  those  for t h e  Oyster Creek p l a n t ,  but  t h e  d i f fe rence  i s  not g r e a t .  

The GE c o s t s  a re  s l i g h t l y  

Cost Comparison of Nuclear and Conventional Power 
The var ious refinements ind ica ted  above have been incorporated i n  Table 2 t o  give 

a general  comparison of nuclear  with coa l - f i red  technology i n  t h e  l a r g e  c e n t r a l  s ta -  
t i o n  p l a n t s  here  discussed. 
t i n g  expenses; therefore  two s e t s  of es t imates  a re  given f o r  these .  
t h a t  t h e  Sporn and GE es t imates  (both of  which have been modified by the  present  
author,  a s  indicated i n  Table 2) a re  i n  good agreement. Their g rea tes t  difference 
i s  i n  cos t  of insurance.  On t h i s  p o i n t ,  t h e  Sporn t o t a l  of insurance p lus  operation 
and maintenance costs i s  c loser  t o  t h a t  of the  Oyster Creek plant  than i s  t h e  cor- 
responding GE total . '5 
p lan t  technology, the m o s t  advanced under construct ion today. 

Some d i f fe rences  remain i n  nuclear f u e l  and other  opera- 
It w i l l  be noted 

Coal-f i red p l a n t s  a r e  represented by M r .  Sporn's Cardinal 

The most important message conveyed by Table 2 i s  t h a t  nuclear power p l a n t s  Can 
be b u i l t  today a t  a lower cos t  t o  e l e c t r i c  u t i l i t i e s  than t h e  b e s t  c o d - f i r e d  p lan ts  
i n  regions of moderate t o  high f o s s i l  f u e l  cos t .  Moreover, t h e  progress i n  nuclear 
technology t h a t  has l e d  t o  t h i s  r e s u l t  i s  sufficient1.y impressive t o  give credence 
t o  claims of expected continued downward t rends  i n  f u e l  costs ,16 which w i l l  i n  t u r n  
f u r t h e r  reduce nuclear f u e l  operat ing expenses. 

Soc ia l  Costs 

represented I n  Tables 1 and 2. Insofar  as  taxes  a re  concerned, no d i f f e r e n t i a t i o n  can 
The quest ion immediately a r i s e s  as t o  whether all c o s t s  o f  nuclear power a re  

be-made between nuclear and conventional power since t h e  FPC r a t e  of 13.5 per  cent 
was used f o r  both.  There a re ,  however, t h r e e  AEC p o l i c i e s  t h a t  help defray cos ts  of 
nuclear power: 
years  o f  operat ion;  and 73) p r i c e  supports for byproduct plutonium production. 

(1) desi  n ass i s tance ;  (2)  waiver of f u e l  use charge f o r  f i r s t  f i v e  

I 
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TABLE 2 

GENERAL COST COMPARISON OF NUCLEAR AND COAL-FIRED PLANT TECHNOLOGIES 

( l i f e t ime  annual equivalent cos t s ,  mills/kwhr) 

Coal-Fired Unit Nuclear Unit 
(Cardinal-type p lan t )  _(Boiling Water Reactor1 

Capacity, megawatts 
Unit c a p i t a l  cos t ,  $/KW 

615 
107 

600, 
126 

Sporn GE 6 Coal c o s t s  per 10 BTU 
2% 25c 

b 2.07 b Fixed charges 
Plantb 2.07 

es t imates  es t imates  

2.43b 2 -43 b b 2.07 
Fuel work&ng 

capi  t a1  0.03' 0.04c 0.05' 0.33' 0.33' 

Fuel expense % 1.73 2.16 2.60 1 .45d 1 .51e 
Operation and 

maintenance 0.30 0.30 0.30 0.35 0.31 

Insurance 0.08 - - neg . f 0.20 f - neg . f neg . - 
Tota l  4.13 4.57 5.02 4.76 4.66 

a Estimated p lan t  cos t s  a t  $121. per i n s t a l l e d  k i lowat t  by in t e rpo la t ion  of informa- 
formation supplied by GE, increased by 15 percent t o  allow for  construction, 
i n t e r e s t ,  land and r e l a t ed  cos t  as i n  S ta thakis  ( see  source o f  t h i s  t ab le )  t o  give 
$139. per k i lowat t ,  which was divided by 1.10 t o  allow fo r  t e n  percent s t re tch-out ,  
g iv ing  the  r e su l t i ng  $126. per kilowatt .  

Based on 13.5 percent f ixed  charge, 80 percent load fac tor .  

Obtained from Table 1 supra. Fuel working c a p i t a l  cos t s  were omJtted i n  a l l  o r i g i -  
na l  estimates.  It w i l l  be noted t h a t  t he  fue l  working c a p i t a l  c o s t s  used i n  Table 2 
were based on fixed charges of  10.39 percent as opposed t o  13.5 percent used i n  the 
remainder of t h i s  tab le .  No cor rec t ion  has been made fo r  t h i s  difference because 
of the  complexities of  imputing fue l  cos t s  a t  d i f f e r e n t  periods of time. 
statement i n  tu rn  a i d s  nuclear power more than conventional power .  

Equivalent annual f u e l  expense obtained by Sporn apparently using weighted average 
l i f e t ime  value obtained by present  worth f ac to r s .  

e For representa t ive  "equilibrium core" a s  described by Strathalds (see source of t h i s  
tab le ) .  

Insurance on conventional p l a n t s  is ca lcu la ted  using the  Federal Power Commission 
recommended r a t e  of 0.25 percent fo r  each k i lowat t  of capacity investment. 

The under- 

Source: Coal-fired un i t  and Sporn estimates of nuclear u n i t  a r e  from Ph i l ip  Sporn, 
"A Post-Oyster Creek Evaluation of  t h e  Current S t a tus  of Nuclear E l e c t r i c  
Generation", Jo in t  Committee on Atomic Energy, 88 th  Congress, 2nd Session, 
Nuclear Power &onornics - w v s i  s & Comments - =,(Washington, D.C., 
1964), Table 4 except as modified by footnotes above. 

GE es t imates  are from G. J .S t ra thakis ,  "Buclear Power Drives Energy Costs Down", 
Electrical !Jorld (October 5, 1964) except as modified by footnotes above. 
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These t h r e e  a re  a-"-ailable f o r  l a r g e  c e n t r a l  s t a t i o n s  of t h e  type here under discus- 
sion. 

Design cos ts  may o r  may not be l a r g e ,  depending on whether research and develop- 
ment i s  necessary for  any p a r t s  o f  t h e  system. I f  so, AEC i s  w i l l i n g  t o  finance the  
research and development c o s t s l 7  and this p a r t  of t h e  expense must be regarded as  a 
subsidy i n  t h e  i n t e r e s t  of progress ,  a s  noted i n  previous discussion. The Oyster 
Creek p l a n t  w a s  not  designed a t  AEC expense, nor did it u t i l i z e  design concepts t h a t  
necess i ta ted  R&D programs. Hence The f i g u r e s  shown i n  Table 1 include design ex- 
penses, but  for a plant whose b a s i c  technology had been previously establ ished.  
Taole 2 i s  based on the same nuclear  technology. 

The waiver of  fuel  use charge does not g r e a t l y  a f f e c t  t h e  previous calculat ions.  
The use charge represents  i n t e r e s t  on f u e l  inventory owned by AEC but used by t h e  
e l e c t r i c  u t i l i t y .  
charge adds $11 t o  $13 per  ki lowatt  t o  t h e  cost  of t h e  Oyster Creek p lan t .  Jersey 
Central  d id  not take advantage o f  the  waiver i n  i t s  ca lcu la t ions ,  but i f  i t  had done 
so, t h e  e f f e c t  would have been t o  reduce l i f e t i m e  annual equivalent cos ts  by about 
0.06 mills/kwhr i n  the  10 per  c e n t  "s t re tch-out"  (565 KW) p lan t .  AEC has now recom- 
mended t h a t  l e g a l  requirements be changed t o  permit p r i v a t e  ownership o f  spec ia l  nu- 
c l e a r  materials.18 
f u e l s  would i n  i t s  case r e s u l t  i n  a c a p i t a l  expense of $22 t o  $30 per ki lowatt .  "he 
ca lcu la t ions  f o r  t h e  Oyster Creek p lan t  assume t h a t  p r i v a t e  ownership of 'nuclear 
f u e l s  w i l l ,  i n  f a c t ,  commence on J u l y  1, 1973 and t h e  f u e l  working c a p i t a l  cost  re -  
f l e c t s  t h i s  assumption. If p r i v a t e  ownership were t o  e x i s t  from t h e  time of i n i t i a l  
operat ion of t h e  Oyster Creek p l a n t ,  t h e  c o s t s  would be about 0.04 mills/kwhr higher 
f o r  t h e  10 per  cent  'ktretch-oud' (565 KW) p l a n t . l g  Again, t h e  e f f e c t  of publ ic  pol icy 
i s  small  enough t h a t  no important changes need be made i n  preceding conclusions. 

With present  AFC p o l i c i e s ,  Jersey Central  estimated t h a t  t h e  use 

Jersey Cent ra l  c a l c u l a t e s  t h a t  p r i v a t e  ownership of f i ss ionable  

With respect  t o  plutonium buy-back, AEC has estimated t h a t  i t s  current  p r i c e  of 
$10.00 per gram f o r  plutonium iso topes  239 and 241 i n  n i t r a t e  form represents  what 
the  f r e e  market p r i c e  w i l l  be i n  t h e  near future ,20 i . e . ,  before breeder reac tors  
are  i n  commercial use. Insofar  as power appl ica t ions  are  concerned, t h i s  i s  t h e  
economically cor rec t  ob 'ect ive and t h e  author i s  i n  no pos i t ion  t o  question t h e  numer- 
i c a l  value s e t  by A,,.'' Je rsey  Central  s t a t e s  t h a t  i n  i t s  ca lcu la t ions ,  "the t o t a l  
plutonium c r e d i t  averages l e s s  than 0.25 mills/kwhr." 
s iderable  change i n  the plutonium buy-back p r i c e  t o  a f f e c t  t h e  competitive s t a t u s  of 
nuclear power and any fu ture  change i s  more l i k e l y  t o  be upward than downward (be- 
cause of t h e  f u t u r e  p o s s i b i l i t y  of  using plutonium r e a c t o r s  f o r  power), which w i l l  
reduce the  cos t  of nuclear power i n  today 's  reac tors .  

Thus, it would take a con- 

F ina l ly ,  t h e r e  i s  t h e  p o s s i b i l i t y  of s o c i a l  cos ts  i n  t h e  form of radioact ive 
wastes.  These c o s t s  are d i f f e r e n t  from any thus f a r  considered i n  t h a t  they w i l l  
never be encountered i n  t h e  market place except t o  t h e  extent  t h a t  publ ic  regulat ions 
requi re  methods of radioact ive cont ro l  f o r  which p r i v a t e  f i rms must pay. The pros- 
p e c t s  f o r  sa fe  waste disposal  a r e  not reassuring when account i s  taken of t h e  l a r g e  
volume of wastes t h a t  would be produced by widespread i n s t a l l a t i o n  of nuclear power. 
AEC discussed methods o f  sa fe  d isposa l  i n  i t s  1962 "Report t o  the  President" with the  
c l e a r  inference t h a t  environmental inves t iga t ions  had not y e t  reached t h e  point  a t  
which reasonable technica l  c r i t e r i a  had been establ ished f o r  safe  disposal  of very 
low rad ioac t ive  e f f luents  i n t o  t h e  environment.22 AEC a l s o  discussed t h e  disposal  
o f  high l e v e l  wastes i n  i t s  1962 "Report t o  the President" ind ica t ing  i n  t h a t  discus- 
sion t h a t  "aside from the  c e n t r a l  reac tor  development program proper, no other  phase 
of t h e  e n t i r e  ( c i v i l i a n  r e a c t o r )  program i s  more important than t h a t  of waste d i s -  
p o ~ a l . " ~ ~  
d isposa l  were s t i l l  i n  t h e  research  stage.24 

A t  t h e  same time, AEC ind ica ted  t h a t  p lans  f o r  u l t imate  high l e v e l  waste 

Unt i l  a safe  program i s  designed t o  handle u l t imate  s torage of high l e v e l  wastes 
i n  l a r g e  volume and until environmental standards a re  es tabl ished which w i l l  prevent 
undue environmental concentrations of rad ioac t ive  mater ia l s ,  t h e  author cannot look 
with equanimity on the  expansion of nuclear  power generating capacity.  If the  costs  



37 

of r a d i o a c t i v i t y  controls  increase t h e  c o s t s  of nuclear power, then t h i s  i s  as  it 
should be.  
byproducts. Now, 
we are  t a l k i n g  about po l lu tan ts  t h a t  l a s t  decades, cen tur ies  i n  some cases .  It i s  
asking very l i t t l e  t o  decide how we s h a l l  l i v e  with t h e  volume of  radioact ive waste 
mater ia l s  i n  prospect before we s e t  out on a course t h a t  presupposes t h e i r  creat ion.  

Those who pay f o r  t h e  power must a l s o  pay f o r  t h e  cont ro l  of any unwanted 
We as a nat ion have an unenviable h i s t o r y  of p o l l u t i o n  control .  

System Costs 

s o c i a l  c o s t s  of power production, c e r t a i n  observations can be made on t h e  in tegra t ion  
of nuclear power i n  conventional e l e c t r i c a l  g r i d s .  

On t h e  assumption t h a t  nuclear power c o s t s  are f u l l y  es tabl ished t o  include all 

F i r s t ,  it w i l l  be reca l led  t h a t  t h e  d a t a  i n  Tables 1 and 2 a r e  f o r  600 IvIW p l a n t s .  
These a r e  l a r g e  c e n t r a l  s t a t i o n  p lan ts .  A t  one-tenth t h e  s i z e  of the  nuclear p l a n t  
on which Table 2 i s  based, S t ra thakis  repor t s  over 2 t imes the  cos t  he est imates  for 
the  Table 2 plant .25 
which ind ica te  a 48 per cent increase i n  per  kwhr cos ts  a s  a r e s u l t  of a tenfo ld  re -  
duction i n  p lan t  size.26 
which nuclear power has t h e  cos t  advantage and below which conventional power has t h e  
cost  advantage. The s ize  of e l e c t r i c  power generating s t a t i o n s  depends on a compro- 
mise between market dens i ty  and cos ts  of transmission, t o  nane only  t h e  most impor- 
t a n t  var iables .27 

I n  cont ras t ,  Barzel gives  r e s u l t s  f o r  conventional steam p l a n t s  

The inference i s  t h a t  t h e r e  i s  a s ize  threshhold above 

J u s t  a s  t h e r e  i s  a s i z e  d i s t r i b u t i o n ,  so i s  t h e r e  a use f a c t o r  d i s t r i b u t i o n  among 
e l e c t r i c  power s t a t i o n s .  
ployed i n  Tables 1 and 2 (83 per  cent and 80 per cent ,  respec t ive ly) .  
noted, high use f a c t o r s  favor t h e  capi ta l - in tens ive  technology by spreading f ixed  
c o s t s  over a l a r g e r  output .  The t y p i c a l  d i s t r i b u t i o n  of use f a c t o r s  among e l e c t r i c  
power s t a t i o n s  i n  a given system i s  a compromise between age d i s t r i b u t i o n  of p l a n t s  
and t h e i r  operating expenses i n  t h e  l i g h t  of t h e  cos ts  of power transmission. 
Operating expenses ase t y p i c a l l y  highest  i n  t h e  o ldes t  p lan ts ;  so as  p l a n t  age in-  
creases ,  it i s  customary t o  use t h e  p lan t  a smaller proportion of the  t ime. 
extreme are  peaking p l a n t s  designed f o r  very low load f a c t o r s  using technologies 
t h a t  a re  l e a s t  c a p i t a l  in tens ive  and most f u e l  in tens ive .  

It w i l l  be reca l led  t h a t  high l i f e t i m e  use f a c t o r s  were em- 
A s  previously 

A t  the  

Now, the  nuclear power p l a n t s  t h a t  are  i n s t a l l e d  f i r s t  i n  any given system can 
The reason t r u l y  be expected t o  have t h e  highest  use f a c t o r s  over t h e i r  l i f e t i m e s .  

i s  t h a t  they w i l l  have lower operat ing expenses f o r  t h e  same t o t a l  cos t  of power than 
w i l l  the  conventional p lan ts .  
83 per cent use f a c t o r  with i t s  Oyster Creek p lan t ,  but  would only expect use f a c t o r s  
i n  t h e  range of 60 per cent with the  f o s s i l  f u e l  a l te rna t ives28  (although they were 
compared a t  the  83 per cent l e v e l ) .  
nuclear power i n  t h e  sane system, however, w i l l  eventual ly  run i n t o  more adverse 
l i f e t i m e  use fac tors .  There i s  only so much base load t h a t  can be c a r r i e d  i n  any 
given system. 
requirements. 
competition with l e s s  c a p i t a l  in tens ive  technologies and f o r  lower use fac tors .  
J u s t  as  t h e r e  i s  a need f o r  peaking p l a n t s  today, so w i l l  there  be a need for  l e s s  
c a p i t a l  intensive technologies among power p l a n t s  i n  t h e  systems of tomorrow. 

Thus, Jersey Central  a c t u a l l y  expects t o  reali .ze an 

Later ca lcu la t ions  f o r  the  introduct ion of 

It i s  e l e c t r i c  power demand t h a t  determines the  t o t a l  system output 
Eventually,  prospect ive nuclear power addi t ions w i l l  be  considered i n  

An approximate ind ica t ion  of the  prospects  f o r  introducing nuclear energy i n  
today ' s  e l e c t r i c  power systems can be found by noting the  incidence of l a r g e  p l a n t s  
i n  t h e  high and moderake cost  f o s s i l  f u e l  areas .  
by f o s s i l  f u e l  cost  areas  i s  shovm i n  Table 3 and by p l a n t  s ize  i n  Table 4. 
t o  Table 3, it appears t h a t  about' half  of t h e  n a t i o n ' s  thermal generat ing capacity 
i s  i n  t h e  cos t  range i n  which an  advantage i s  shown f o r  nuclear power a t  the  600 MW 
s i z e  l e v e l  (compare Table 2 )  if we ignore poss ib le  cos t  d i f fe rences  t h a t  might r e s u l t  
from d i f f e r e n t  environmental hea l th  standards.  From Table 4, we note t h a t  t h e  number 
of power p l a n t s  of l a r g e  s i z e  i s  r e l a t i v e l y  l imi ted .  
f o r  l a r g e  plant  s,ize t o  be more important i n  t h e  f i r s t ,  second and eighth FPC regions,  

The geographic incidence of capaci ty  
Referring 

There i s  a tendency, however, 
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where f o s s i l  f u e l  cos ts  a r e  higher  (compare Table 3). It i s  c l e a r  t h a t  t h e  ex is t ing  
geographic s t r u c t u r e  of  conventional f u e l  c o s t s  and s i z e  s t r u c t u r e  of ex is t ing  power 
systems permit considerable scope f o r  introduct jon of nuclear power p lan ts .  
exact conclusion would requi re  considerably deeper ana lys i s ,  including s ize  and c o s i  
t r e n d s  f o r  both nuclear and conventional p lan ts ,  which depend not o n l y  on p lan t  tech-  
nological  developments, but a l s o  on regional  f u e l  cost  changes (see l a s t  column of 
Table 3 d e n s i t y  of  markets f o r  f u t u r e  power, t rends  i n  transmission cos ts  and 
o thers  . h ~  

A more 

Locational and Aggregative Economic Effec ts  

S t a t e s  were in tens ive ly  s tudied by Schurr and Marschak over a decade ago.30 
wcrk i s  s t i l l  re levant  f o r  t h i s  s p e c i a l  top ic .  The lower l e v e l  of power cos ts  con- 
s idered i n  t h e  Schurr-Marschak ana lys i s  was 4.0 mills/kwhr, a value which appears 
from Table 2 within the range of coa l  f i r e d  as  wel l  as  nuclear powered p lan ts ,  but 
the  former only f o r  c e r t a i n  regions,  not f o r  t h e  broad range o f  l o c a l i t i e s  where 
nuclear power might be ava i lab le .  

The e f f e c t s  of reduced e l e c t r i c  power cos ts  on d i f f e r e n t  i n d u s t r i e s  i n  t h e  United 
Their 

It would be impossible i n  a sumnary t o  do j u s t i c e  t o  Schurr -and Marschak's 
f ind ings ;  moreover, there  i s  t h e  p o s s i b i l i t y  t h a t  new process technologies i n  the 
i n d u s t r i e s  analyzed could cause some amendments of  t h e  d e t a i l s .  It i s  informative, 
however, t o  note t h e  t h r e e  c l a s s e s  of  economic e f f e c t s  considered i n  t h e i r  study: 
(1) cost  reduct ion i n  heavy energy consuming indus t r ies ,  assuming no important changes 
i n  process  technologies;  (2) cos t  reduct ions and changes i n  process technologies t h a t  
might r e s u l t  from lower energy c o s t s ;  (3) poss ib le  changes i n  t h e  loca t ion  of manu- 
f a c t u r i n g  establishments a s  a r e s u l t  of lower cos t  energy. Only a l imi ted  number o f  
i n d u s t r i e s  consumed, o r  o f fe red  s u f f i c i e n t  prospects  of consuming, enough energy ( i n  
proport ion t o  all other cos-ts)  t o  be considered i n  the  ana lys i s .  
nw.; chlor ine  and caus t ic  soda; phosphate f e r t i l i z e r s ;  cement; b r ick ;  f l a t  glass;  
i ron  and s t e e l ;  and r a i l  t ranspor ta t ion .  Some of these  showed s e n s i t i v i t y  t o  energy 
cos t  changes i f  car r ied  t o  t h e  4.0 mills/kwhr l e v e l .  Others d i d  n o t .  We can gene- 
r a l i z e  t o  t h e  extent  of not ing t h a t  i n  individual  cases and where no process s h i f t  
was involved, t h e  production of a commodity having ubiquitous inputs  or a commodity 
with no important weight l o s s e s  between inputs  and outputs might become market or iented 
a s  t h e  r e s u l t  of lower power c o s t s  i n  the  v i c i n i t y  of consumption centers .  The oppo- 
s i t e  p o s s i b i l i t y  e x i s t s  where reduced power cos ts  at raw mater ia l s  cen ters  would " 

a t t r a c t  production operations of a weight los ing  commodity. In both cases,  t h e  ava i l -  
a b i l i t y  of low cost  nuclear power (or heat )  over wide geographic areas  must be com- 
bined with s u f f i c i e n t l y  important p o t e n t i a l  advantages of market, r a w  mater ia l s  or 
other  inf luence t o  change t h e  balance away from a loca t ion  t h a t  i s  now strongly 
a f fec ted  by low cos t  power from hydroe lec t r ic  sites o r  perhaps from na tura l  gas. 
Where a process  s h i f t  i s  involved, t h e  l o g i c  of  t h e  s i t u a t i o n  suggests t h a t  bulk 
energy consumption i s  en ter ing  production processes f o r t h e  f i r s t  time and the  loca-  
t i o n  of t h e  s i t e  of .product ion i s  reoptimized anew taking account of energy,costs  i n  
g r e a t e r  measure than  before .  

These were: a l u m i -  

The aggregative e f f e c t s  of  reduced energy c o s t s  on t h e  nat ional  economy w i l l  be 
q u i t e  small as compared w i t h  t h e  t o t a l  of all o ther  economic a c t i v i t i e s .  AEC e s t i -  
mated i n  i t s  1962 "Report t o  t h e  President"  t h a t  by the  end of t h e  twent ie th  century, 
projected uses of nuclear power would r e s u l t  i n  cumulated savings i n  generation cos ts  
of about $30 b i l l i o n  
5 per  cent i n t e r e s t . 3 l  
nuclear  power c o s t s  from expected conventional power c o s t s  using AEC's projected 
schedule of nuclear power addi t ions .  I n  comparison with an annual r a t e  of Gross 
National Product close t o  $625 b i l l i o n  i n  1965 and a projected GNP of  $2007 b i l l i o n  
i n  year  2000,32 t h e  e m u l a t i v e  t o t a l  i n  savings do not appear l a r g e .  But other  ag- 
gregat ive e f f e c t s  must be considered. 

t h e  discounted present  value of which would be $10 b i l l i o n  at 
The est imate  was based on a simple subtract ion of expected 

With a reduction i n  t h e  p r i c e  of energy, consumers ga in  purchasing power, some 
of which w i l l  normally be used f o r  t h e  purchase o f  addi t iona l  energy and t h e  r e s t  of 
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which w i l l  be used for other  purposes. 
i n  r e a l  income can r e s u l t  i n  more l e i s u r e .  All increases  i n  consumption have t h e i r  
secondary and t e r t i a r y  e f f e c t s  on the  suppl ie rs  of t h e  goods t h a t  a r e  being brought 
i n t o  service,  with t h e  r e s u l t  t h a t  the  e f f e c t s  a re  perpetuated i n  i n f i n i t e  regression.  
It i s  t h e  t o t a l  cumulation of a l l  secondary and higher order e f f e c t s  with the  i n i t i a l  
cos t  savings t h a t  produces a more comprehensive measure of a given r e a l  cost  reduc- 
t i o n .  
e f f e c t s  w i l l  be t o  increase t h e  i n i t i a l  benef i t  (as, e.g. ,  estimated by AEC) several  
fo ld ,  probably by a f a c t o r  grea te r  than 1.5 and l e s s  than  6.0.33 It i s  s t i l l  c l e a r  
t h a t  the  aggregative e f f e c t s  of t h e  cost  savings w i l l  be s m a l l  a s  compared with the  
cumulated Gross National Product f o r  t h e  same years .  

Other Uses of Nuclear Power 

space heating. This appl ica t ion  i s  s imi la r  t o  t h e  generation of e l e c t r i c  power except 
t h a t  steam heat  i s  d i s t r i b u t e d  d i r e c t l y  t o  t h e  consumer locat ion.  Space heat ing con- 
sumes 20 per cent of the  t o t a l  energy i n  t h e  United S t a t e s  t 0 d a y , 3 ~  but a t  the  present  
time t h e  heat  l o s s e s  from steam d i s t r i b u t e d  by c e n t r a l  d i s t r i c t  p l a n t s ,  combined with 
the  required economies of sca le  f o r  nuclear power p lan ts ,  l i m i t  prospect ive appl ica-  
t i o n s  t o  densely populated areas  where cold winters  a re  experienced. 
Ivlarschak i n  t h e i r  exploratory study found t h a t  t h e  combination o f  conditions t h a t  
might make c e n t r a l  d i s t r i c t  space heating economically a t t r a c t i v e  a re  most l i k e l y  t o  
be found i n  New York, Boston, Buffalo,  Chicago, Milwaukee and Newark, Patterson and 
Jersey City.35 
appl icat ions economically v iab le ,  the  nuclear reac tor  must be loca ted  i n  t h e  middle 
of a densely populated area.  
standpoint of  publ ic  sa fe ty .  

Over a long enough per iod of time, increases  

I n  any p a r t i c u l a r  case,  t h e  t o t a l  e f f e c t  of t h e  i n f i n i t e  s e r i e s  of derived 

One poss ib le  use of heat from nuclear reac tors  i s  f o r  c e n t r a l  d i s t r i c t  urban 

Schurr and 

The pr inc ipa l  d i f f i c u l t y  i s  i n  t h e  s i t i n g  requirements. To make such 

We are  not ye t  ready t o  approve such loca t ion  f r o m  the 

Another c lose ly  r e l a t e d  appl ica t ion  i s  t h e  generation of nuclear power f o r  the  
propulsion of ocean vesse ls .  
bu t  t h e  author i s  informed t h a t  cos ts  on t h i s  v e s s e l  a r e  unrepresentative of current  
nuclear propulsion technologies.  
however, by noting t h a t  t h e  U. S. Navy uses a f a c t o r  of 1 . 5  as  a r u l e  of thumb i n  
r e l a t i n g  nuclear power p lan t  construct ion c o s t s  t o  those of conventional power p l a n t s  
of the same s i z e  f o r  surface ~ e s s e l s . 3 ~  
i s  not c lear  from information available.37 
i n  a i r c r a f t ,  locomotives and automobiles, nuclear propulsion seems out of the question 
f o r  the  i n d e f i n i t e  fu ture  (unless for  m i l i t a r y  pmposes,  where cos t  i s  not a d e t e r r e n t ) .  
I f  nuclear power i s  used i n  t h e  p r i v a t e  sec tor ,  it w i l l  probably be  i n  t h e  form of 
e l e c t r i c a l  energy supplied from a cent ra l  power s t a t i o n .  

The nuclear ship Savannah immediately comes t o  mind, 

An approach t o  t h e  quest ion of cos ts  can be made, 

Operating c o s t s  a re  higher ,  but  the  extent  
For smaller power p l a n t s ,  such as used 

A s tep  fur ther  removed i s  t h e  d i r e c t  use of nuclear heat f o r  i n d u s t r i a l  processes.  
This top ic  was the  subject  of extensive inves t iga t ion  by AEC i n  t h e  l a t e  1950’s. Two 
d i f f i c u l t i e s  were encountered. F i r s t ,  reac tor  technologies t h a t  a r e  low cost  today 
produce heat a t  r e l a t i v e l y  low temperatures as  compared with t h e  needs i n  many indus- 
t r ial  processes .  
it must be of enormous s i z e .  
p o t e n t i a l l y  economic process heat appl icat ion was found. 

Second, before low cost energy can be obtained from a nuclear reac tor ,  
A s  a r e s u l t  of these  l i m i t a t ’ o n s  i n  combination, “no 
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A new energy consumer, as  ye t  unimportant i n  the na t iona l  (or world) energy 
economy, i s  desa l in iza t ion  of water. A s  population grows and ( i n  t h e  United S ta tes ,  
a t  l e a s t )  water consumption per  c a p i t a  increases ,  it i s  prudent t o  look ahead t o  in-  
creased needs f o r  f r e s h  water f o r  all purposes. Nuclear power o f f e r s  some promise a s  
an energy source f o r  d i s t i l l a t i o n .  
have been b u i l t  i n  the  range of a mil l ion gal lons per day t o  produce water a t  a cost  
of about $1.00 per thousand gallons.39 
municipal water i n  many p a r t s  of t h e  United S ta tes ,  about four  t imes t h e  cost  of in-  
d u s t r ’ a l  water and seven or e ight  times t h a t  which i s  acceptable f o r  most a g r i c u t w a l  

Conventional energy p l a n t s  i n  t h e  United S ta tes  

This i s  about twice t h e  acceptable cost  of 

I f  p l a n t  output i s  increased approximately a thousand f o l d  t o  a b i l l i o n  
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gal lons per  day, numerous nuclear  p lan t  designs suggest t h a t  f r e s h  water can be pro- 
duced from nuclear  reac tors  a t  c o s t s  w e l l  wi thin t h e  range of municipal and commercial 
p r i c e s  today.41 With combined f r e s h  water and nuclear e l e c t r i c  power production 
( e l e c t r i c  powe? i i ?  the  range of 600 t o  1200 MW), some of the  c o s t s  could be borne by 
e l e c t r i c  power s a l e s  (assuming l a r g e  power markets could be reached) mid d i s t i u e d  
v a t e r  night  be s o l d  a t  a p i c e  low enough t o  reach t h e  upper range of p r i c e s  now 
acceptable f o r  irrigation.‘2 The prospect would seem t o  be of even grea te r  s i g n i f i -  
cance t o  those i n t e r e s t e d  i n  water r a t h e r  than energy resources,  but  t h e  f a c t  t h a t  
it i s  based on design, not experience,  must be kept i n  mind. 

Solar Energy 

The a t t r a c t i o n  of s o l a r  energy i s  i n  i t s  abundance and, from our standpoint,  un- 
l ip- i ted a v a i l a b i l i t y  over t i n e .  Solar  energy reaching Continental  United S ta tes  
annually i s  about 1.4 00 x 1OI2 kwhr; t h a t  reaching t h e  land areas  of t h e  world, 
246,000 x 10l2 kwhr.‘J Compare pro’ected t y r g y  needs by Schurr e t .  a l .  f o r  the  
United S t a t e s  i n  1975 at 21.8 x 10” kwhr. 
l i r r ? i t  of a range of energy consunption est imates  f o r  the  same year made by t h e  present 
author and extended t o  an energy consumption upper limit of 52.1 x 1012 kwhr i n  year 
2000.45 I f  only a f r a c t i o n  of one per  cent of t h e  so la r  energy reaching Continental  
United S t a t e s  could be u s e f u l l y  employed, it would s a t i s f y  all of our energy needs as 
f a r  i n  t h e  f u t u r e  as we can p r e d i c t  them. 

This f igure  corresponds t o  the  upper 

Solar  energy i s  l i k e  nuclear  energy- in  t h a t  f u e l  t ranspor ta t ion  cos ts  a re  of no 
s ignif icance.  The s o l a r  c l imate  v a r i e s  w i t h  t h e  l a t i t u d e  and season of the  year but  
i s  adequate f o r  many appl ica t ions  over l a r g e  areas  of t h e  world between the  f o r t y - f i f t h  
p a r a l l e l s  north and south. Solar  equipment i s  a lso l i k e  nuclear equipment i n  t h a t  it 
i s  c a p i t a l  in tens ive .  The i n i t i a l  investment c o n s t i t u t e s  a l a r g e  f r a c t i o n  of t o t a l  
l i f e t i m e  expense f o r  s o l a r  devices.  I n  several  other  respects ,  so la r  energy has eco- 
nomic c h a r a c t e r i s t i c s  opposi te  those of nuclear power. 

Differences i n  q u a l i t y  a r e  r e a d i l y  apparent. For nuclear power, Roddis c i t e s  
evidence of load following c h a r a c t e r i s t i c s  and r e l i a b i l i t y  t h a t  surpasses even those 
0.f t h e  b e s t  f o s s i l - f u e l e d  plants .46 Solar energy, on the other  hand, i s  o f  very low 
q u a l i t y  due t o  i t s  low i n t e n s i t y  and i n t e r r u p t i b i l i t y .  
temperatures a t  which s o l a r  energy can be used except where o p t i c a l  focussing systems 
are  employed. For a s u f f i c i e n t  expenditure on a s o l a r  focussing co l lec tor ,  almost 
any temperature a t t a i n a b l e  on e a r t h  can be achieved. I n t e r r u p t i b i l i t y  l ikewise has 
i t s  cos ts ,  depending on t h e  use envisaged. Energy s torage can bridge t h e  nocturnal 
disappearance of the energy source or can extepd co l lec ted  energy a v a i l a b i l i t y  over 
longer per iods o f  t i m e .  Energy s torage has  i t s  cos ts ,  but  i s  not always necessary. 
Low q u a l i t y  i n t e r r u p t i b l e  energy might be q u i t e  s a t i s f a c t o r y  i n  some uses,  depending 
on t h e  design of the prime mover. 
prevent i t s  use I n  c e r t a i n  appl ica t ions  such as water pumping f o r  i r r i g a t i o n .  Indeed, 
there  i s  a rough cor re la t ion  between the  a v a i l a b i l i t y  of solar energy and the  need 
f o r  i r r i g a t i o n  water. The c o r r e l a t i o n  i s  b e t t e r  f o r  space cooling but tends t o  be 
roughly inverse f o r  space heat ing.  P r a c t i c a l l y  continuous energy must be avai lable  
f o r  s t i l l  other  uses such a s  food r e f r i g e r a t i o n  and manufacturing. Energy s torage 
cos ts  assume d i f f e r e n t  importance f o r  d i f f e r e n t  appl ica t ions  and w i l l ,  of course, 
vary with t h e  so la r  climate.  

Low i n t e n s i t y  l i m i t s  t h e  

The i n t e r r u p t i b i l i t y  of  s o l a r  energy does not 

Solar energy i s  &so opposi te  of nuclear power i n  i t s  sca le  ( o r  s i z e )  economies. 
Nuclear power tends t o  f i n d  i t s  comparative advantage i n  mammoth appl icat ions,  as  
we have noted. Solar  devices  a r e  comparatively b e t t e r  in.midget appl icat ions.  
of the  l a t t e r  a r e  roof hot water hea te rs ,  s m a l l  scale  d i s t i l l a t i o n  and, i n  recent 
years ,  midget power u n i t s  f o r .  e a r t h  s a t e l l i t e s .  Solar space heat ing remains l a r g e l y  
i n  the  technological  fu ture ,  b u t  when it comes, it w i l l  be bes t  su i ted  f o r  i so la ted  
loca t ions  where conventional f u e l s  are expensive. I n  cont ras t ,  we have noted t h a t  
nuclear energy might be used f o r  c e n t r a l  d i s t r i c t  space hea t ,  but only i n  exceedingly 
dense Fopulation centers .  Other examples w i l l  become apparent i n  t h e  course of SUC- 

ceeding ana lys i s .  

Typical 
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The s o l a r  equipment discussed here in  w i l l  be f o r  power ( t e r r e s t i a l  appl icat ions) ,  
space hea t ,  and water d i s t i l l a t i o n .  There a re ,  of  course,  other  appl icat ions o f  
solar energy: f o r  cooking, f o r  a g r i c u l t u r a l  drying, f o r  high temperature production 
i n  a s o l a r  furnace,  t o  name a few. Solar power i s  p o t e n t i a l l y  important i n  economic 
development. 
f r a c t i o n  of t h e  space heat  load.  
water resource standpoint.  
The prospects  are  s u f f i c i e n t l y  encouraging, however, t o  j u s t i f y  an analysis  of solar 
energy 's  current  s t a t u s .  

Solar space hea t  o f f e r s  promise of some day carrying a s ign i f icant  
Solar d i s t i l l a t i o n  i s  important from a long-term 

But all are  present ly  l imi ted  by cos t  considerat ions.  

The s o l a r  energy systems w i l l  be evaluated using a f ixed  r a d i a t i o n  i n t e n s i t y  of 
180 Kcal/cm.2,yr. 
S t a t e s ,  North Africa,  t h e  ear  East ,  Central  I n d i a  and other  loca t ions  favorably 
s i t u a t e d  for  solar e n e r g ~ . ~ 7  Solar rad ia t ion  i s  not t h e  only cl imatological  var iab le  
t h a t  a f f e c t s  t h e  performance of s o l a r  equipment. Two o thers  important i n  determining 
heat  l o s s e s  a r e  ambient temperature.and wind speed. A comprehensive analysis  would 
take account of t e las t  two, but  t h e  r e s u l t s  would be or iented more spec i f ica l ly  t o  
a f ixed  location.k8 For present  purposes, it w i l l  be s u f f i c i e n t  t o  use f ixed o v e r a l l  
energy conversion e f f ic iency  f a c t o r s .  
sen ta t ive  e f f e c t  of other  c l imatological  var iab les ,  a s  noted above, and also cons t i -  
t u t e s  an oversimplif icat ion i n  the  sense t h a t  conversion i s  t y p i c a l l y  a nonlinear 
funct ion of energy i n t e n s i t y .  The f ixed  o v e r a l l  energy i n t e n s i t y  being used i s ,  i n  
t r u t h ,  t h e  average of a year ly  p a t t e r n  t h a t  shows considerable v a r i a t i o n  on a d a i l y  
and on an hourly b a s i s .  

This i s  a high l e v e l  of rad ia t ion ,  found i n  Southwestern United 

The use o f  such f a c t o r s  r e l i e s  on a mean repre- 

A second d i f f i c u l t y  with t h e  use of a s ingle  year ly  average r a d i a t i o n  i s  t h a t  
energy s torage needs depend on t h e  frequency d i s t r i b u t i o n  of r a d i a t i o n  in tens i ty .  
The durat ion of cloudy weather on any one day must be considered a s  p a r t  of a p a t t e r n  
i n  which preceding cloudy or sunny days have predetermined t h e  energy t h a t  w i l l  be i n  
s torage at t h e  beginning of t h a t  day. Thus, it i s  neces,sary t o  consider p a t t e r n s  of 
r a d i a t i o n  described i n  a complicated s t a t i s t i c a l  manner or t o  evaluate  equipment per-  
formance f o r  a spec i f ic  i d e n t i f i e d  period (e.g. ,  a year )  of weather observations.  
For t h e  l a t t e r  purpose, a recurs ive  system such as shown i n  Figure 1 i s  required.  
This system i s  being used by t h e  author f o r  computer evaluation of s o l a r  equipment. 

The use funct ion of output energy i s  equal ly  important. A use function t h a t  
requi res  energy during dayl ight  hours only w i l l  need l e s s  s torage than one intended 
t o  supply e l e c t r i c i t y  for night l i g h t i n g .  For t h e  sake of equipment evaluation herein,  
the  problems created by the  frequency d i s t r i b u t i o n  of sunl ight  and by t h e  use funct ion 
w i l l  not be e x p l i c i t l y  resolved. Instead,  equipment w i l l  be evaluated with d i f f e r e n t  
assumed requirements f o r  s torage expressed as  number of days capaci ty  at t h e  assumed 
s o l a r  r a d i a t i o n  i n t e n s i t y  l e v e l  of 140 Kcal/crn?, yr .  
so la r  power uni t s ,  cases  w i l l  undoubtedly be encountered i n  which it i s  not des i rab le  
t o  attempt t o  provide s u f f i c i e n t  storage,  whatever t h e  use funct ion.  Such a case i s  
found where t h e  year ly  weather p a t t e r n  regular ly  br ings extended cloudy per iods,  a s  
i n  t h e  monsoon climates.  
t o  be provided i f  a so la r  energy source i s  t o  be used a t  all, or, it might be neces- 
sary t o  employ an a l t e r n a t i v e  use function, depending on t h e  value of energy input 
f o r  t h e  case a t  hand. A t h i r d  p o s s i b i l i t y  i s  t o  in tegra te  a wind power system i n  
p a r a l l e l  with a so la r  power system. I n  many cases,  t h i s  approach o f f e r s  some promise 

c o s t s  of wind power and s torage for a given output.  

I n  p r a c t i c a l  appl icat ions of 

I n  such instances,  standby conventional equipment w i l l  have 

of reducing storage needs. The exact advantages, any, depend on a comparison of 

The two pr inc ipa l  components of most so la r  devices a r e  t h e  c o l l e c t o r  and t h e  
s torage unit. Where a high temperature hea t  source i s  required,  as  i n  most power 
systems, a focussing c o l l e c t o r  i s  used. 
( d i r e c t  rad ia t ion)  be ava i lab le .  
a re  nonfocussing and can c o l l e c t  energy i n  t h e  form of d i f fuse  r a d i a t i o n  on cloudy 
days. 
days. 
sky cover i s  t h i n  or may decrease ( i n  absolute v a l u e ) . i f  sky cover i s  h e a ~ y . 5 ~  

This i n  t u r n  requi res  t h a t  d i r e c t  sunl ight  
Other c o l l e c t o r s ,  such as  used f o r  space heat ing,  

Diffuse rad ia t ion  accounts f o r  about 1 5  per cent of t h e  rad ian t  energy on c lear  
On cloudy days, d i f f u s e  rad ia t ion  may a c t u a l l y  increase i n  absolute value i f  
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Economic optimization of equipment design i s  achieved i n  any given climate by 

Refer t o  Figure 1. Thus, a given l e v e l  of 
bala;::ii:g t h e  cos t  of c o l l e c t o r  against  t h e  cos t  of s torage f o r  a given energy out- 
pul; ;i.itii. a given l e v e l  of r e l i a b i l i t y .  
6 ,  say 99 per  cent ,  can be  achieved e i t h e r  by increasing t h e  s i z e  of t h e  c o l l e c t o r  
o r  by increasing the  capac i ty  of s torage.  When t h e  s i z e  of c o l l e c t o r  i s  increased, 
more energy i s  co l lec ted  dur ing  sunny days and s torage i s  kept t o  a l e v e l  c lose t o  
i t s  capaci ty .  
When t h e  capac i ty  of storage is increased for t h e  same c o l l e c t o r  s i z e ,  more i s  
s tored ,  l e s s  i s  col lected and l e s s  i s  l o s t  through s torage overflow. 

A t  the  same t i m e ,  more energy i s  l o s t  through s torage overflow,&. 

I n  e x i s t i n g  equipment, c o l l e c t o r  expense i s  t y p i c a l l y  higher than s torage ex- 
pense. 
storage.  
marginal expenditure on s torage  both y ie ld  the  same incremental gain i n  output at the  
g i v e n d l e v e l .  Needless t o  say, it w i l l  not b e  p o s s i b l e  t o  car ry  out such optimization 
with the s implif ied approach used herein.  T h e Q r e l i a b i l i t y  of equipment cannot be 
spec i f ied  a t  t h e  present  t ime (or i n  absence o f  a more s p e c i f i c  climate descr ip t ion  
and use funct ion)  and hence we can hope only t o  cover the  probable range of costs .  
One might th ink  of increased system cos ts  f o r  the  same average output as expenditures 
f o r , t h e  sake of higher q u a l i t y  energy. 

Solar Power Systems 

( 2 )  thermodynamic (Tabor); and (3) so la r  pond. 
shown i n  Table 5. The technologies  are  i n  var ious s t a t e s  of development and cost  
es t imates  a r e  by no means as  f i rm a s  they were f o r  nuclear e l e c t r i c  power. Annual 
equivalent c a p i t a l  cos ts  a r e  calculzted at 6 per  cent i n t e r e s t  with sinking fund de- 
prec ia t ion .  
ferences i n  tax s t ruc tures  throughout t h e  world. It w i l l  be noted t h a t  f ixed  kilowatt  
capaci ty  i s  r a t e d  at an energy i n t e n s i t y  considerably above t h e  year ly  average, though, 
of course,  t h e  kilowatt-hour output i s  based on t h e  year ly  average. 

This means t h a t  opt imizat ion usual ly  requi res  an expansion of expenditure o n  
The optimum i s  achieved when t h e  marginal expenditure on c o l l e c t o r  and t h e  

Three types  of so la r  power systems w i l l  be  considered: (1) thermoelectr ic ;  
Cost es t imates  f o r  t h e  t h r e e  are  

No t a x  burden i s  imputed t o  t h e  s o l a r  equipment i n  recogni t ion of d i f -  

The thermoelectr ic  and thermodynamic systems are  focussing systems and hence use 
only d i r e c t  normal rad ia t ion .  The thermoelectr ic  system uses a paraboloid r e f l e c t o r  
which i s  continuously adjusted so a s  t o  remain normal t o  t h e  solar beam at all times. 
The Tabor u n i t  achieves energy concentration by focussing d i r e c t  r a d i a t i o n  i n  long 
c y l i n d r i c a l  r e f l e c t o r s  t h a t  a r e  adjusted on an east-west ax is  i n  such a way a s  t o  
s e t  t h e  aper ture  of t h e  c y l i n d r i c a l  r e f l e c t o r s  approximately normal t o  the  sun's rays 
at so la r  noon. 
( d i r e c t  p lus  d i f fuse)  on a hor izonta l  surface.  
Table 5, d i r e c t  rad ia t ion  was separated from d i f f u s e  r a d i a t i o n  using methods described 
i n  t h e  reference c i t e d  by footnote  50, above. 

The solar pond i s  a nonfocussing device t h a t  uses all rad ia t ion  
I n  making t h e  ca lcu la t ions  f o r  

The thermoelectr ic  system cons is t s  of an 8-foot  diameter paraboloid co l lec tor  
focussed on a thermocouple c l u s t e r .  
connected i n  such a way as toiachieve maximum e l e c t r i c  power output .  
energy conversion f a c t o r  of 4 p e r  cent i s  used t o  take account of all energy losses  
( o p t i c a l ,  thermal and e l e c t r i c a l ) .  
quest ionnaire  survey of manufacturers o f  thermocouples, adapted from e a r t h  s a t e l l i t e  
power appl ica t ions .  Since t h e  cos ts  are  representat ive,  no s ing le  physical  thermo- 
couple i s  envisaged. 
on two bases:  
and ( 2 )  cos ts  of s imi la r  devices  a s  they might e x i s t  w i t h  volume production. 
i n  t h e  l a t t e r  category are  used f o r  the  thermoelectr ic  system. 

The Tabor u n i t  focusses 'energy on tubes i n  which va or i s  heated t o  dr ive  a 
highly e f f i c i e n t  small tu rb ine  designed f o r  the  s y ~ t e m . 5 ~  Energy i s  s tored by a 
phase transformation a t  about 150' C, but other  information about s torage i s  not 
ava i lab le .  A f u l l  sca le  p i l o t  u n i t  of t h e  system has been constructed.  
have been estimated by Dr. Tabor f o r  production of p a r t s  using t h e  technology of t h e  
experimental u n i t .  

The load and a- lead-acid s torage b a t t e r y  a re  
An o v e r a l l  

Representative cos ts  a re  reported,  based on a 

I n  t h e  quest ionnaires ,  respondents were asked t o  es t imate  cos ts  
(1) cos ts  of e x i s t i n g  devices, o f t e n  b u i l t  for experimental purposes; 

Costs 

The cos ts  1 
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FIGURE 1 

SOLAR ENERGY FLOW DIAGRAM 

I + 
Collector - a, Use or > storage 

switch en 

or loss Use, rn 
switch 

overflow loss 
switch 

Q'n 

Notation: 
an, bn, en, dn, dn, sn 
qn, Bn, %,An 
rn 
Sn 
K capacity of. storage 

energy flows net of losses in time period n 
energy losses in time period n 
energy needed for use in time period n 
total energy in storage at the end of time period n 

Identities : 
1. Radiation received in time period n = an + Lyn 
2. an = bn + en 
4. cn = dn +yn 

Functional relationships: 
5. CUn 5 fl (radiation received in n, otherclimatological parameters in time period n) 
6. @ n 
7. A n  = f3 (Sn-1, storage parameters) 

3.  bn = En + p n  

f2 (bn, transfer of energy parameters) 

a. %=k if an3rn 

9. dn =rn if o . I%+ n 

if K-Sn 2 Cn 

K-Sn if K-SnS Cn 

rn-en if s n b  rn-en 

ii o t s n 4  rn-en 
10. sn f n  
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FIGURE 1 (continued) 

Note: 1. All use occurs at the end of a time period 
2. Priority of use i e  en, then Sn 
3. All energy is put in storage at the end of a time period 

Initial conditions: 
So = amount in storage at time 0 
S = So+ dn -An - sn 

Per fonnance measurement : 

if en + sn = rn 

if en + sn 4 rn 
Let &=[ 

T h e n $ = g p n  is the number of time periods sufficient energy was available 

Source: The author is indebted to Professor Jesse Shapiro for this conceptualization. 

,! 
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TABLE 5 

ESTIMATED SOLAR POWER COSTS 

(180 Kcalfcm? yr.  g loba l  r a d i a t i o n  on a hor izonta l  sur face  = 
194.5 kwhrfft. ,yr.  g loba l  r a d i a t i o n  on a hor izonta l  sur face)  t 

Thermoelectric Thermodynamic Solar Pond 
u n i t  (Tabor) u n i t  (based on design only) 

Available 238 185 
rad ia t ion ,  d i r e c t  d i r e c t ,  with 
kwhr / f t ? , yr  . normal adjustment around 

194.5 
global on 
hor izonta l  

east-west a x i s  sur face 

Size,  wa 0. 175d 4.64 14,000/km2 

Output, kwhrfyr. 481. 10,070.e 31.5 X 106/km2 

Capi ta l  cos tb  
$ 

$/KW 
295. 

1690. 

Annual equiv. 
c a p i t a l  cos t ,  
m i l l  sfkwhr . 

no storage 83.3 
1 day storage 103.0 
2 day storage 121.8 
3 day storage 141.0 
5 day s torage  179.6 

h 
3100. roughly 3.0 X lo6 

668. 2 14 

8.22i 
51.6 
56.6f 

Operation and 
Maintenance ? ? about L.0 

a Ins t a l l ed  capac i t i e s  are r a t ed  a t  t h e  high energy i n t e n s i t y  l eve l  of 80 cal/cm?,hr. 
(= 757 kwhr/f$.,yr.) 

Capi ta l  cos t  i s  exclusive of s torage  f o r  t h e  thermslec t r ic  and thermodynamic systems, 
but not fo r  the  s o l a r  pond. 

Annual equivalent c a p i t a l  cos t  i s  ca lcu la ted  using 6 percent i n t e r e s t  with sinking fund 
depreciation. 
ed usefu l  l i ves .  The term “1 day storage” means 24 hours of s torage .  

Assuming 4 percent energy conversion e f f ic iency .  

Different components of each system are evaluated using d i f f e r e n t  expect- 

e Computed by l i nea r  ex t ropola t ion  from2the 10,000 kwhr output repor ted  by Tabor with an 
ava i l ab le  in su la t ion  of 185.0 kwhr/ft.,yr. 

The Tabor thermodynamic u n i t  includes only 16 kwhr of s torage ,  which a t  t h e  assumed 
r a t e s  o f  production w i l l  last 18 hours. 
t he  cap i t a l  cos t  l i s t  above. 
ab le  f u e l  such as kerosene, gas, fue l  o i l ,  wood o r  ag r i cu l tu ra l  wastes. 
16 kwhr of s torage ,  the  designers recommend use of t he  standby. 

Assuming 1# percent energy conversion e f f ic iency .  

A standby b o i l e r  and con t ro l s  are included i n  
The standby equipment can be obtained t o  burn any s u i t -  

Beyond the  
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TABLE 5 (continued) 

Calculated by using Tabor's figure of $250,000. for the bare pond with free brine 
available, plus $20O/KW for power generating equipment of the type required as in 
R. L. Humel, "Power as a By-Product of Competitive Solar Distillation", United 
Nations, E/Conf. 35/S/15 (Rome, 1961). A twenty year life of theee components was 
assumed. 

Storage and collector are combined in the solar pond. The thermal inertia of the 
pond is so great that no storage shortage can arise within a time period of weeks 
or perhaps months after the pond reaches an adequate temperature for operation. 

Source : Thermoelectric System: Representative figures from questionnaire survey 
conducted by Richard A. Tybout and George 0. G. Lgf ,  Winter 1961-62. 
Thermodynamic System: H. Tabor and L. Bronicki, "Small Turbine for Solar 
Energy Power Package", United Nations E/Conf. 35/S/% (Rome, 1961), supple- 
mented by personal correspondence. 
Solar Pond: H. Tabor, "Large Area Solar Collectors (Solar Ponds) for Power 
Production" United Nations E/Conf. 35/S/47 (Rome, 1961), except as noted 
in footnote h. 4 

I 

1 
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The so lar  pond i s  not ye t  a technologicdl ly  proven device.  Also conceived by 
D r .  Tabor, t h e  object  i s  t o  suppress convection i n  a s ta t ionary  pond of water and 
hence t o  use t h e  water as  an insu la tor  over an a r t i f i c a l  black bottom about 1 - 2  
meters deep. To prevent hea t  t r a n s f e r  by convection, D r .  Tabor and h i s  associates  
a t  t h e  National Physical Laboratory of I s r a e l  have attempted t o  s t a b i l i z e  a densi ty  
gradient  of magnesium chlor ide or other  s u i t a b l e  salt t o  have a h igh  concentration 
(and high densi ty)  at the  bottom taper ing  off  t o  n e g l i  i b l e  concentrat ion at t h e  top. 
Numerous technological  problems have been encountered,T2 among them the  problem of 
ex t rac t ing  hea t  from the  bottom while maintaining a t o l e r a b l e  temperature gradient .  
Prospective cos ts  (contingent on technological  success) are  worth noting. The da ta  
a re  given i n  square kilometers of surface,  ind ica t ing  something of the  s i z e  of an 
operat ing pond envisaged by i t s  designers .  If f r e s h  water i s  at a premium, it 
would be possible  (other  problems solved) t o  combine d i s t i l l e d  water production with 
e l e c t r i c  power production t o  t h e  economic advantage of both.  

A l l  of t h e  so la r  power systems shown i n  Table 5 have c o s t s  a t  l e a s t  one order 
of magnitude above those of  nuclear power and even so a re  s t r a i n i n g  a t  t h e  edge of 
the  technica l ly  f e a s i b l e .  S t r i c t l y  speaking, however, s o l a r  and nuclear power are  
not comparable because of di f fe rences  i n  s ize .  Also re levant  i s  t h e  f a c t  t h a t  the  
technica l  manpower devoted t o  so la r  energy has  been i n f i n i t e s i m a l  compared with t h a t  
which has been devoted t o  nuclear power. 

The small  s i z e  of t h e  so la r  power u n i t s  places  them i n  competition with d i e s e l  
e l e c t r i c  power. 
high. For example, a s  p a r t  of current  e f f o r t s  f o r  t h e  development of t h e  Brazi l ian 
Northeast ,  a la rge  number of d i e s e l  p l a n t s  a r e  being i n s t a l l e d ,  ranging i n  s ize  from 
28 KW t o  250 KW capacity.53 
power throughout t h e  a rea  regardless  o f  t h e  l o c a t i o n  of t h e  d i e s e l  u n i t s .  I n  point  
of f a c t ,  t h e r e  i s  a f i f t y  per  cent  v a r i a t i o n  i n  cost  of d i e s e l  f u e l  among places  t o  
be served. The r a t e  t o  be establ ished i s  46.3 miUs/kwhr i n  t h e  e a r l y  years  of the  
p r o j e c t ,  u l t imate ly  t o  be reduced t o  36.9 mills/kwhr as  higher use  f a c t o r s  are ob- 
ta ined.  With regional  v a r i a t i o n s  i n  d i e s e l  f u e l  cos ts ,  t h e r e  are l o c a l i t i e s  where 
the  t r u e  c o s t s  a r e  of t h e  same order of  magnitude as t h e  Tabor u n i t ,  though a number 
of d i f f i c u l t i e s  remain i n  making the  comparison. For example, t h e  d i e s e l i z a t i o n  
program requires  t h e  t r a i n i n g  of l a r g e  numbers of service mechanics. What would be 
the  requirements with s o l a r  power? Anticipated d a i l y  use p a t t e r n s  do include night 
l i g h t i n g  i n  Northeast Braz i l ,  but a l so  important daytime loads.  Similar  f indings 
apply t o  high d i e s e l  f u e l  areas  of r u r a l  India .  
between d i e s e l  and so lar  power cannot be made here ,  but  it i s  c l e a r  t h a t  so la r  power 
cos ts  a re  of the  r i g h t  order of magnitude f o r  c e r t a i n  appl ica t ions  i n  t h e  small 
power f i e l d .  I f ,  a s  a nat ion,  we are  i n t e r e s t e d  i n  t h e  energy resource problems of 
l e s s  developed areas ,  it appears t h a t  s o l a r  power warrants increased a t ten t ion .  
Enough has been said t o  show t h a t  i t s  appl ica t ions  w i l l  be complementary with nuclear 
power from an economic development standpoint.  

The cos t  of t h e  l a t t e r  i n  overseas i n s t a l l a t i o n s  i s  of ten  r e l a t i v e l y  

The plan i s  t o  e s t a b l i s h  t h e  same r a t e s  f o r  e l e c t r i c  

A f u l l  ana lys i s  of t h e  comparison 

Solar Space Heat 
The grea tes t  p o t e n t i a l  bulk market t h a t  appears within reach of s o l a r  technolo- - 

g i e s  i s  i n  space heat ing.  
energy consumed i n  the  United S t a t e s  i s  f o r  space heat.5' Putnam estimates that by 
year 2000, so la r  space hea t  w i l l  ca r ry  o n e - f i f t h  the  t o t a l  comfort heat ing load.?? 
One might i n f e r  t h a t  t h e  prospects  a r e  at l e a s t  as  a t t r a c t i v e  a t  t h e  same l a t i t u d e s  
(north and south) throughout t h e  world. 

A s  previously noted, approxim t e l y  20 per cent o f  all 

Solar space heat  can be made avai lable  i n  grea te r  or  smaller degree by the  
a rch i tec ture  of a bui lding without any spec ia l  so la r  energy equipment. 
with south-facing windows (north-facing i n  t h e  southern hemisphere) der ive considerable 
d i r e c t  heat from t h e  sun. Design f o r  capture of t h i s  por t ion  of t h e  t o t a l  so la r  energy 
and design f o r  o ther  purposes a r e  inext r icably  re la ted .  
thermal insu la t ion ,  of t h e  hea t  absorbing q u a l i t i e s  of i n t e r i o r  furnishings and other  
a t t r i b u t e s  of any given s t r u c t u r e .  

All buildings 

The same can be said of 

Overal l  optimization of a r c h i t e c t u r a l  and so la r  



heat ing design i s  required f o r  each separate  loca t ion ,  though for  purposes of the 
broad general  comparisons t o  be  made herein,  it i s  s u f f i c i e n t  t o  consider a s ing le  
standard dwelling i n  all loca t ions .  

A r e l a t e d  complication i s  found i n  mult iple  outputs  of t h e  co l lec tor  system. 
A s o l a r  hot  water heat ing component i s  genera l ly  added t o  the space hea ter .  
cooling arrangements and f a c i l i t i e s  can be included. 
severa l  outputs all of which u s e  some p a r t s  of t h e  solar  equipment i n  common and 
all of which have t h e i r  own incremental  cos ts .  
complicated and some semi-arbi t rary cost  a l loca t ions  cannot be avoided. 

Space 
The r e s u l t  i s  t o  produce 

Cost f ind ing  i n  such cases becomes 

An e n t i r e l y  d i f f e r e n t  kind of output t h a t  can be furnished by so lar  c o l l e c t o r s  
i s  s h e l t e r .  
I n  such cases,  they  furn ish  a s h e l t e r  service t h a t  would otherwise requi re  t h e  con- 
s t r u c t i o n  of a convent iond roof  and/or w a l l .  
c o l l e c t o r  are  d i f f e r e n t  products  w i t h  a common cos t .  
t h i s  i n  ca lcu la t ing  the  cos t  of s o l a r  space hea t .  

Solar  c o l l e c t o r s  may c o n s t i t u t e  t h e  roof and/or south w a l l  of a building. 

The s h e l t e r  and energy outputs of the  
It i s  appropriate t o  recognize 

The s o l a r  energy system t o  be analyzed i n  t h e  present  comparison avoids t h e  
problem of  a l loca t ing  c o s t s  among space heating, space coding and s h e l t e r  by the 
simple expedient of including only a s ing le  output,  heat ,  which i s  used f o r  two pur- 
poses,  space heat ing and hot water heat ing.  The total  usefu l  heat  for both purposes 
lumped together  i s  evaluated a t  the  cos t  of the s o l a r  energy system less t h e  c a p i t a l  
c o s t  of a conventional furnace avoided. The so lar  energy "costs" so obtained are 
then compared d i r e c t l y  with conventional f u e l  cos ts ,  f o r  once correct ion has been 
made f o r  t h e  conventional furnace,  t h e  only other  c o s t s  avoided by having s o l a r  
hea t ing  i s  the f u e l  cos t .  Since s o l a r  heat ing requi res  a l a r g e  c a p i t a l  investment 
and very low operation and maintenance expenses, t h i s  means t h a t  t h e  annual f ixed 
charge on c a p i t a l  again assumes c r u c i a l  importance. The comparisons w i l l  be made 
using a 6 per  cent imputed i n t e r e s t  with sinking fund depreciat ion.  No tax burden 
i s  assigned s ince solar  hea t ing  i s  b e s t  f o r  p r i v a t e  residences,  not f o r  commercial 
bui ldings unless  small (1 or 2 s tory)  bui ldings a re  considered. 
business  purposes would have t o  be evaluated with due recogni t ion of an addi t ional  
t a x  respons ib i l i ty .  

Capi ta l  used for  

Operation and maintenance on a so lar  energy system c o n s i s t  of e l e c t r i c i t y  con- 
sumed, annual cleaning of t h e  c o l l e c t o r  cover and whatever r e p a i r s  a r e  necessary. 
The system can be designed i n  such a way a s  t o  requi re  very l i t t l e  maintenance and 
have a long l i f e  (25 y e a r s ) .  
cheaper s t r u c t u r e  can be used, espec ia l ly  for t h e  c o l l e c t o r ,  a t  t h e  expense of higher 
maintenance and shorter  l i f e .  Then, t h e  system i s  l e s s  c a p i t a l  in tens ive  and more 
labor  intensive.  
if appropriate) ,  t h e  more economically e f f i c i e n t  it i s  t o  use a cheaper, l e s s  durable 
c o l l e c t o r .  

Such a system i s  considered herein.  Alternat ively,  a 

The higher t h e  cos t  of c a p i t a l  r e l a t i v e  t o  labor  (one's own labor ,  

Table 6 gives  es t imates  o f  solar heat c o s t s  f o r  hot water plus  space heat  i n  a 
standard (representat ive s o l a r  heated) house loca ted  i n  d i f f e r e n t  p a r t s  of the  United 
S t a t e s .  Costs shown i n  P a r t  A a r e  f o r  a s o l a r  heat ing system i n  current  use f o r  
heat ing a residence near Denver. The c o l l e c t o r  i s  mounted separately at a southernly 
tilt on a f l a t  roof.  The c o l l e c t o r  a rea  i s  r e l a t i v e l y  s m a l l  compared with house 
hea t ing  needs and, i n  f a c t ,  suppl ies  only about one quar te r  of the heat required 
over the  course of a year .  A conventional auxi l iaxy  furnace supplies t h e  remainder. 
Costs i n  P a r t  A a re  given under two headings, "experimental" and "commercial." 
experimental u n i t  i s  t h e  one a c t u a l l y  i n  operation, except a s  noted i n  footnote  f 
of t h e  t a b l e .  The commercial u n i t  i s  of t h e  same design a s  t h e  experimental u n i t  
bu t  with c o s t s  estimated f o r  mass production of t h e  p a r t s  and corresponding improve- 
ment i n  techniques of assembly and i n s t a l l a t i o n .  
compiled but  i n  t h e i r  nature  a r e  subject  t o  normal es t imat ing e r rors .  

The 

The est imates  have been careful ly  



Hot Water 
Components 
Capital  

5'1 

TABLE 6 

SOLAR HEAT COSTS 

Part A 
Colorado House Solar Heat Costs, d o l l a r s  

(Collector Area - 530 square f e e t )  

Solar equipment 
Assembly and i n s t a l l a t i o n  
Standard gas  hea ter  
Total 

Space .Heat and A l l  

Present Unit 
(.Experimentall 

250 
150 
230 
630 
- 

Other Components 
Capital  

Collector 32OOf 
Storage 350 
Special  con t ro l s  and equipment 1230 
Standard equipment 730 

3840 
Total 9350 
Assembly and i n s t a l l a t i o n  - 
Saving on conventional furnace 
Net c a p i t a l  cos t  

-800 -600 - -  
a550 a750 

A l l  Capital  Costs 9180 9380 

Annual equivalent c a p i t a l  costsa 704. 735. 
20. 20. Annual operating and maintenance - -  

Annu@ Total 724. 755. 

Prospec.tive Unit 
_(Commercial ) 

50 
50 

1200 
350f 
2 00 
700 
800 

3250 
- 

-800 -600 - -  
2450 2650 

2780 2980 

218. 235. 
20. 20. 

238. 255. 
- -  

Par t  B 
Performance of Standard House with Long Term Average Inso la t ion  

Blue H i l l  Medford Columbia Atlanta Albuquerque 
Mass. Ore. MO . Ga . N.M. 

Degree days /F .  6,392 
Conventional furna e saving, $ 800 
Collector Area, f t  5 1,410 

Capital  cos t s ,  SC 5,780 
Annual cos t s ,  $ 

Equivalent annual c a p i t a l  cos tsa  452 
53 

Total  505 
Operation and maintenanced - 

Inso la t ion  ( t i l t e d  a t  l a t i t u d e  plus 15O) 695 

Solar house heat supplied, lo6 BTU/yr. 
Solar water hea t  supplied, lo6  BTU/yr. 

169.4 - 24.5 
193.9 Total  so l a r  hea t  supplied, lo6 BTU/yr. 

Solar  energy cos t ,  $/lo6 BTU 2 . 6 0  

4,547 
600 

1,970 

8,090 

6 34 
74 

708 

1,172 

159.1 
24.4 

183.5 

3.86 

- 

- 

5,113 
800 

1,280 

5,280 

414 
48 

462 

744 

119.4 
24.0 

143.4 

3.22 

I 

- 

2,826 
600 
64 0 

3,070 

24 1 
24 

265 

391 

98.9 
23.0 

121.9 

2.08 

- 

- 

4,389 
800 
710 

3,130 

245 
27 

272 

558 

123.9 
23.5 

147.4 

1.85 

- 

- 
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TABLE 6 (continued) 

Anthracite 
Bituminous coal 
Fuel o i l  
Gas 

Par t  C 
Conventional Fuel Costs, $/lo6 B T U ~  

Boston Portland St.  Louis Atlanta Albuquerque - Mass. Ore. Mo . Ga . N.M. 
1.86 not 

2.04 1.88 2.13 
1.62 1.62 1.06 1.06 

2.22 1.33 1.53 ava i lab le  

a Calculated using 25 year expected l i f e  with sinking fund depreciation and 6 percent 
i n t e r e s t  r a t e .  Imp l i c i t l y  the same treatment i s  being given t o  c a p i t a l  saved on 
conventional furnace as t o  s o l a r  equipment cap i t a l .  

The number of degree days i s  computed by adding t h e  d i f fe rences  between the  average 
d a i l y  temperatures (in°F) and 65O F f o r  a l l  lower atmospheric temperatures. 

Capi ta l  c o s t s  are based on prospec t ive  commercial un i t  adjusted a s  follows: (1) col- 
l e c t o r  p lus  assembly c o s t s  a r e  assumed the  same per square foot of co l l ec to r  a rea  i n  

solar heating system costs (including both space and hot  water heating) are assumed 
i d e n t i c a l  i n  a l l  other l oca t ions  a s  i n  the  Colorado house prospective commercial 
u n i t ;  and (3) conventional furnace cos t s  saved a r e  subtracted i n  the indicated 
amounts from the  t o t a l  found i n  s t e p s  (1) and (2).  

Operation and maintenance c o s t s  based on Colorado house prospective commercial u n i t  
prorated by area  of c o l l e c t o r  fo r  each location. 

a l l  l oca t ions  as i n  the Colorado house prospective commercial u n i t ;  (2) a l l  o ther  i 

! e The following national average hea t  e f f i c i enc ie s  were used: gas, 80 percent;  anthra- 
c i t e ,  62 percent;  bituminous coa l  ( s toker ) ,  59 percent; o i l ,  57 percent; and bitumi- 
nous coa l  (hand f i r e d ) ,  48  percent.  

3,000 gal.  water tank s u b s t i t u t e d  f o r  rock bed i n  ac tua l  use a t  Colorado house. 
Cost of tank provided by E. Speyer. See Source f o r  P a r t  B. 

Source: Par t  A. C p t s  r epor ted  on experimental un i t  by owner of Colorado house, 
G. 0.  F. Lof, except a s  indicated by footnote f. 
mercial production of same so la r  heating system by G. 0.  G. Lof. 

P a r t  B. 
of Heat with a Solar House", Solar Energy, Vol. 111 ( December, 1959), 
pp. 34-40. Costs are from P a r t  A, as explained i n  footnotes. 

Par t  C. American Gas Association, Gas Fac ts  1961-62, p. 238. 

Cost estimased f o r  com- 

Fundamental d a t a  on performance are from E. Speyer, "Optimum Storage 

i 
t 
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It w i l l  b e  noted t h a t  a standard gas h e a t e r  i s  included wi th  t h e  solas hot water 
c o s t s .  
l i a r y  heat  i n  the  f i c t i t i o u s  house used as  a standard (not i n  t h e  a c t u a l  Colorado 
house). 
water hea te r  i s  connected i n  such a way as  t o  d e l i v e r  addi t iona l  heat  t o  t h e  water 
i n  s torage when, a s  and i f  

This i s  an oversized hea ter  t h a t  w i l l  serve t h e  funct ion of furnishing auxi- 

Since our standard house has water s torage of solar h e a t ,  t h e  oversized hot 

Par t  B i s  based on ca lcu la t ions  made by Speyer f o r  t h e  standard house i n  d i f -  
fe ren t  loca t ions  .57 Speyer ' s  ca lcu la t ions  were based on average weather conditions 
month-by-month and took account of p a t t e r n s  o f  weather i n  sequence, insofar  as  such 
pa t te rns  are  represented i n  averages.58 
have been obtained if nonaveraged da ta  had been used on an hour-to-hoar or day-to-day 
b a s i s .  The object  of design w a s  t o  s a t i s f y  average weather requirements on t h e  assump- 
t i o n  t h a t  gas heat  would be used for  h o t  water during t h e  months of December, January 
and ha l f  of February. The optimum storage capaci ty  was found t o  be 3000 gallons of 
water i n  a l l  loca t ions  shown, but  co l lec tor  a rea  var ied  widely. The solar heating 
system used by Speyer was not completely described i n  his study, bu t  wits c l e a r l y  re -  
presenta t ive  of technologies i n  existence today.59 
performance of the  so la r  heat ing system costed f o r  t h e  Colorado house i n  P a r t  A. 

Needless t o  say, d i f f e r e n t  r e s u l t s  would 

It i s  used here  t o  descr ibe t h e  

The e f f e c t  of  d i f f e r e n t  weather condi t ions on output a r e  i l l u s t r a t e d  i n  Par t  B. 
Thus, t h e  c o l l e c t o r  area required i n  Medford, Oregon i s  considerably g r e a t e r  than 
t h a t  i n  Blue H i l l  or Columbia despi te  t h e  f a c t  t h a t  Medford has a lower average number 
of degree days. This r e s u l t s  from the  high frequency of overcast  winter skies i n  
Medford. The more southern loca t ions  i n  the  United S t a t e s  can achieve r e l a t i v e l y  
grea te r  advantage from so lar  heat ,  as exemplified by Atlanta ,  bu t  t h e  grea tes t  advan- 
tage i s  i n  loca t ions  such as  Albuquerque where a high hea t  demand, due t o  a l t i t u d e  
above sea  level. i n  t h i s  case,  i s  combined with a r e l a t i v e l y  low lati tu.de and c l e a r  
sk ies .  

Par t  C i n  Table 6 gives  t h e  bas i s  f o r  an approximate cos t  compariscn. Since 
c a p i t a l  investment i n  conventional furnace f a c i l i t i e s  has been subtracted from t h e  
c a p i t a l  cos ts  of t h e  solar heat ing systems, t h e  remaining. c o s t s  of solar heat ing 
c a p i t a l  a r e  comparable t o  the  f u e l  cos ts  from conventional energy sources.  
are  shown i n  Part  C of Table 6 f o r  loca t ions  i n  t h e  same cl imate  a reas  used by Speyer 
(except f o r  Albuquerque, f o r  which f u e l  cost  d a t a  were unavai lable) .  The approximate 
nature  of the  comparison should be emphasized. 
systems i n  d i f f e r e n t  loca t ions  were a funct ion of Speyer 's  standard house design. 
Archi tectural  improvements would reduce t h e  requirements of solar energy, but also 
the  requirements f o r  conventional heat.  D i f f e r e n t i a l  e f f e c t s  of a r c h i t e c t u r a l  changes 
could not be invest igated in t h e  present  comparison. 

The l a t t e r  

The demands on t h e  solar heating 

The cos t  comparisons i n  Table 6 show t h a t  present  technologies ,  even with t h e  
advantage of commercial production, do not o f f e r  a s  low a cos t  of hea t  a s  t h a t  afforded 
by commercial f u e l s  i n  the  s p e c i d  context of t h e  comparison. Nevertheless,  solar 
heat c o s t s  appear s u f f i c i e n t l y  c lose t o  conventional heat  c o s t s  that any one of a 
number of circumstances could make so lar  heat ing economically a t t r a c t i v e .  A techno- 
l o g i c a l  break-through i n  c o l l e c t o r  design would have t h e  g r e a t e s t  e f f e c t .  Short of 
t h i s ,  the  design of mult iple  purpose units t h a t  serve a s h e l t e r  purpose and a space 
cooling purpose (where t h i s  l a s t  output has s u f f i c i e n t  value t o  cover i t s  own spec ia l  
equipment cos ts )  would reduce space heat ing cos ts .  Several. such designs a re  i n  use i n  
various experimental bui ldings,  but  they have not benef i t ted  from t h e  commercial scale  
of production assumed f o r  t h e  u n i t  i n  Table 6. 

The requirement o f  e l e c t r i c a l  energy t o  d r i v e  pumps and blowers reduces the  pros- 
pec ts  f o r  use of so la r  space heat  i n  l e s s  developed countr ies .  Technologies combining 
so lar  power and solar space heat  can, of course,  be designed f o r  use  where e l e c t r i c i t y  
i s  not avai lable ,  but with t h e  disadvantageous pos i t ion  of so la r  power today, these  
would be of s t i l l  higher cos t .  
as other  kinds of energy demands i n  most underdeveloped areas .  

Fortunately,  space hea t ing  demands a re  not a s  urgent 

I 

L 

1 
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Solar hot water heat ing,  on t h e  o ther  hand, i s  already widely pract iced.  About 
350,000 u n i t s  were i n  use i n  Japan i n  1961 and about 10,000 i n  I s rae l .59  
number of  s o l a r  ho t  water h e a t e r s  are  found i n  North Afr ica  and u n t i l  gas became 
cheap i n  Flor ida,  they were i n  f requent  use t h e r e .  Many a r e  of t h e  simple box type,  
q u i t e  inexpensive and, of  course,  subject  t o  v i c i s s i t u d e s  i n  the  a r r i v a l  of solar 
energy. 
ignored. 
Compare i n  Table 6 the r e l a t i v e  heat needed t o  s a t i s f y  t h i s  demand with t h a t  required 
f o r  space hea t ing  i n  t h e  d i f f e r e n t  loca t ions ,  remembering t h a t  i n  Speyer's calcula-  
%ions the  hot  water load i s  s a t i s f i e d  by conventional f u e l  for 2+ of t h e  twelve 
months. 

A la rge  

The energy load c a r r i e d  by solar hot  water hea te rs  i s  small, but  not t o  be  
Speyer assumed a hot  water demand of 120 gal lons per day heated t o  1400 F. 

Solar  D i s t i l l a t i o n  

i n  operat ion i n  t h e  a r id  r sg ions  of Mediterranean North Afr ica  and t h e  Near East. 
Others can be found, o f t e n  on an experimental bas i s ,  elsewhere i n  t h e  world. Repre- 
s e n t a t i v e  c o s t s  have been est imated f o r  t h r e e  kinds of d i s t i l l a t i o n  technologies i n  
Table 7. The small roof d i s t i l l e r  i s  made of blackened asbestos  cement with a g lass  
cover.  The t i l t e d  wick (Telkes) u n i t  evaporates water from a replaceable  t e r r y  cloth 
surface over which br ine descends. The deep basin design eva ora tes  by batch or con- 
t inuous process from ponds f i l l e d  t o  a depth of  about 1 foot.go A number of other  
technologies a r e  now under inves t iga t ion ,  including forced convection systems, multiple 
e f f e c t  evaporation and t h e  use o f  i n f l a t a b l e  p l a s t i c  covers of var ious designs.  

Several  hundred s m a l l  home so lar  d i s t i l l e r s  and q u i t e  a few of l a r g e r  s i z e  a r e  

The data shown i n  Table 7 b r i n g  out  once again t h e  emphasis of solar technologies 
on small  sca le  appl ica t ions .  
per  day, s o l a r  d i s t i l l a t i o n  i n  t h e  United S ta tes  i s  more expensive than conventional 
f u e l  d i s t i l l a t i o n .  The c o s t s  o f  the  l a t t e r  have been estimated a t  an a t ta inable  
l e v e l  of $1.50 per  thousand ga l lons  a t  t h e  100,000 ga l lon  per  day output.61 The 
c o s t s  o f  s o l a r  d i s t i l l a t i o n  a re  c lose enough, however, t h a t  communities i n  the  Medi- 
terranean a r e a  f ind  it economically advantageous t o  i n s t a l l  solar d i s t i l l a t i o n  f a c i -  
l i t i e s .  Their ca lcu la t ions  on t h i s  po in t  are  sometimes influenced by l o c a l  unemploy- 
ment (which can be used f o r  solar p l a n t  construct ion)  and t h e  coincident problem of 
acquir ing fore ign  exchange t o  f inance f u e l  imports. 
s o l a r  energy i n  t h i s  case i s  analogous t o  t h a t  p o t e n t i a l l y  ex is ten t  f o r  solar power 
appl ica t ions .  

Even a t  t h e  r e l a t i v e l y  l a r g e r  output of 100,000 gallons 

The comparative advantage of 

Future Applications 

There i s  ample prospect t h a t  nuclear  power w i l l  be more widely used i n  t h e  United 
S t a t e s ,  hopefully with due recogni t ion of i t s  s o c i a l  cos ts  as wel l  as  i t s  economic 
b e n e f i t s .  It i s  a l s o  q u i t e  conceivable t h a t  solar energy w i l l  assume some of the  
space heat ing load i n  t h e  American economy before t h e  end of  t h e  twent ie th  century, 
but  t h i s  depends on f u r t h e r  technological  progress.  

I n  overseas areas ,  t h e  s ign i f icance  of unconventional resources i s  comparatively 
g r e a t e r .  
i n  t h e  foreseeable  fu ture  o r  of experiencing important r e a l  cost  increases  before t h e  
end of the present  century.62 The same cannot be s a i d  of several  other world regions. 

mope,  t h e  world 's  h i s t o r i c  coal  exporting region, i s  now a net  importer 
of all. f u e l ~ . ~ 3  High dens i ty  markets and high energy cos ts  have given impetus t o  
s u b s t a n t i a l  programs f o r  i n s t a l l a t i o n  of nuclear power, i n  B r i t a i n  and on t h e  cont i -  
nent.  The same logic  appl ies  t o  Japan. 

Conventional energy resources  i n  t h i s  country show no s igns of exhaustion 

Western 

Even more d i f f i c u l t  i s  t h e  energy resource pos i t ion  i n  which most of the  l e s s  
developed nat ions f ind  themselves. 
prospect before  t h e  end of  t h e  twent ie th  century f o r  t h e  Lat in  American count 
a whole, f o r  Asia except t h e  Soviet  Union and mainland China, and f o r  Africa. 
t h e  low income nations i n  these  regions a re  t o  achieve t h e  standards of l i v i n g  they 

The most ser ious energy resource problems are  i n  

I 

i 
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TABLE 7 

ESTIMATED SOLAR DISTILLATION COSTS 

(180 Kcal/cmz, yr. global r ad ia t ion  on a hor izonta l  
sur face  = 194.5 kwhr/ft?, y r .  global r a d i a t i o n  on 
a hor izonta l  sur face)  

Roof T i l t e d  Deep Basin 
Evapora tora  Wick S t i l l b  S t i l l C  

194.5 226 194.5 
g loba l ,  on hor i -  g loba l ,  on global ,  on h o r i -  
zontal  sur face  t i l t e d  surfacee zontal  surface 

Size,  f t ?  sur face  12.4 25 1.1 x 106 

Output, average 
annual, gal/day 1.435 4.21 

Capi ta l  cos t ,  $ 61.5 38.0 

Annual equivalent 
Expected l i f e ,  years  20 5-10 

cap i t a l  cos t ,  $/lOOOd gal.  10.27 5.88 - 3.36 

Operation and 
maintenance, $/ZOO0 ga l .  4.00 1.63 

100,000 

1.12 x 106 
50 

1.95 

0.263 

Total  cos t ,  $/lo00 ga l .  14.27 7.51 - 4.99 2 . 2 1  

a Representative cos t s  based on hundreds of u n i t s  a l ready  i n  use i n  Mediterranean 
North Africa. 

b Costs of experimental u n i t s ,  20 or  30 of which have been constructed.  Costs could 
be expected to  dec l ine  somewhat with volume production. 

C Costs estimated by scale-up of 300 gallon per day experimental u n i t ,  taking 
advantage of minor technological improvements. 

d Annual equivalent c a p i t a l  c o s t s  ca lcu la ted  using sinking fund depreciation with 
6 percent i n t e r e s t .  

e T i l t ed  a t  f ixed  angle so that plane of sur face  i s  normal t o  s o l a r  beam a t  the  
equinoxes. 

Source: Estimates were a l l  derived from questionnaires c i r cu la t ed  by Richard A. Tybout 
and George 0. G. L:f i n  Winter, 1961-62. 
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so s t rongly d e s i r e ,  they w i l l  have t o  r e l y  i n  p a r t  on f u e l  imports and/or expand t h e i r  
use o f  unconventional energy resources .  
r a t e s  of per c a p i t a  income growth, they must face t h e  same choice. 

Indeed, if they  are  t o  a t t a i n  even moderate 

Unfortunately,  both atomic and solar energy' involve c a p i t a l  in tens ive  technologies.  
The s c a r c i t y  of c a p i t a l  i n  l e s s  developed countr ies  i s  wel l  known. 
favor of conventional f u e l  appl ica t ions  which, as  we have.noted throughout, are  l e s s  
c a p i t a l  intensive.  Working i n  t h e  counter d i rec t ion ,  of course, i s  the expense of 
conventional.'fuel,transportation, of ten  over tedious overland ways. Where f u e l  imports 
a r e  concerned, t h e r e  i s  t h e  additional.  disadvantage of fore ign  exchange problems. 
value of foreign exchange i s  t y p i c a l l y  grea te r  t o  a l e s s  developed country than i s  
i t s  domestic currency. 
exchange tends t o  be lower t h e  lower t h e  per capi ta  gross  na t iona l  product of t h e  
c 0 u n t r y . ~ 5  
aga ins t  nuclear power, most o f  t h e  expenses of which requi re  t h e  use of foreign ex- 
change.66 
met b y  domestic manufacture i n  l e s s  developed countr ies .  

This f a c t  works i n  

The 

Moreover, t h e  r a t i o  o f  the  value o f  domestic currency t o  foreign 

Not only does t h i s  f a c t  work against  conventional f u e l s ,  but  it can work 

A l a r g e  par t  o f  the expense f o r  solar  equipment, on t h e  other hand, can be 

Additional ins ights  c a n  be obtained by considering the  kinds of markets nuclear 
power and so lar  energy can serve.  
noted. 
l a r g e  urban a r e a s .  
s i t y  a reas  where cot tage indus t ry ,  v i l l a g e  re f r igera t ion ,  water pumping and l i k e  appl i -  
ca t ions  a re  t h e  needs o f  t h e  hour.  The two unconventional energy resources a re  comple- 
mentary insofar  as  t h e i r  uses  i n  l e s s  developed areas  can be foreseen today. 

The high q u a l i t y  of nuclear e l e c t r i c  power has  been 

With some improvements i n  cost ,  s o l a r  energy can he lp  t h e  low den- 
It can be usefu l  f o r  t h e  high dens i ty  markets of new i n d u s t r i a l  centers  and 
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See, for example, c o s t s  i n  t h e  Cooperative Reactor Demonstration FYogram, "AEC 
Authorizing Legis la t ion,  F i s c a l  Year 1965," Hearings before t h e  J o i n t  Committee 
3n Atomic Energy, 88th Congress, 2nd Session (February and March, 1964), Appen- 
d i x  1. 

For a discussion o f  s o c i a l  c o s t s  i n  t h e  e a r l i e r  nuclear power p lan ts ,  see R .  A. 
Tybout, "Atomic Power and t h e  Public I n t e r e s t , ' '  Land Economics, Vol. 34 (November, 
1958), pp. 281-289. 

General. Public U t i l i t y  power system, composed of f i n a n c i a l l y  in tegra ted  operating 
u t i l i t i e s .  
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The s igni f icance  of "annual equivalent" c a p i t a l  cos t s  i s  explained i n  the  context 
of o ther  methods of time discounting i n  R. A. Tybout, "Economic C r i t e r i a  for  
Evaluating Power Technologieg i n  Less Developed Countries, ' '  U. S. Papers Prepared 
f o r  United Nations Conference on t h e  Application of Science and Technology f o r  
the  Benefit of Less Developed Areas, Vol. 1 (Washington, 1963), pp. 177-201. 

See espec ia l ly  Ph i l ip  Sporn, "A Post-Oyster Creek Evaluation of the  Current S ta tus  
of Nuclear E lec t r i c  Generation," i n  Jo in t  Committee on Atomic Energy, 88th Con- 
gress ,  2nd Session, Nuclear Power Economics - Analysis and Comments - 1964 
(Washington, 1964). 

Federal Power Commission, In s t ruc t ions  f o r  Estimating E l e c t r i c  Power Costs and 
Values, (Washington, 1960), p. 24. The FPC f igu re  i s  made up of the  following: 

Percent of  Investment 
Cost of  money 6.75 
Depreciation, 6.75% sinking fund 0.77 
Interim replacements ( s t r a i g h t  l i n e )  0.35 
Insurance (convent iond  p l an t )  0.25 
Taxes 

Federal  income 3.40* 
Feder a1 miscellaneous 0.10 
S t a t e  and l o c a l  - 2.35* 

Tota l  t axes  5 -85 
Tot a1 13.97 

%ationdl averages 
The above estimates a r e  based on a p l an t  l i f e  of 35 years .  
t h i r t y  year l i f e ,  deprec ia t ion  would be higher.  

Op. c i t . ,  note 12, supra. 

G. J. St ra thakis ,  ':Nuclear Power Drives Energy Costs Down," Electrical World 
(October 5; 1964).  

The Oyster Creek insurance cos t s  are included i n  operation and maintenance expenses 
fo r  t h a t  p lan t  a s  shown i n  Table 1. 
Price-Anderson Act. 

See discussion by G. J. S t ra thakis ,  Op. c i t . ,  note 14, supra. 

If reduced t o  a 

They a r e  based on t h e  provisions of t h e  

AEC Release No. E-292 dated August '23, 1962. 

See "Private Ownership of Special  Nuclear Materials,  " Hearings before the Sub- 
committee on Legis la t ion  of t h e  Jo in t  Committee on Atomic Energy, 88th Congress, 
1 s t  Session ( Ju ly  30, 31 and August 1, 1963) and 88th Congress, 2nd Session 
(June 9, 10, 11, 1 5  and 25, 1964). 

Calculated from Oyster Creek repor t  (Op. c i t ,  note 4, supra),  using the  10.39 
per cent c a p i t a l  charge the re  employed. 

See Commissioner G. F. Tope, "Future Energy Needs and the  Role of Nuclear Power," 
Third In te rna t iona l  Conference on the  Peaceful Uses of Atomic Energy, Geneva, 
AEC Release dated August 31, 1964, page 4.  

It i s  i n t e re s t ing  t o  note t h a t  AEC simultaneously charges $43.00 a gram f o r  t he  
same plutonium iso topes  i n  t h e  same form i f  d i s t r ibu ted  f o r  non-power uses ( re -  
search and developrnent or medical therapy) .  
graphed, dated May 28, 1963. 
does not represent AEC cos t s .  

See AEC Release No. F-106, mimeo- 
The inference i s  t h a t  t h e  $10.00 p r i ce  probably 
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24. 

25. 

26. 
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A fulf; statement of the  environmental hea l th  problem by AEC follows: 

s p e c i f i c  a c t i v i t i e s  could be discharged t o  t h e  environment without unduly 
r a i s i n g  t h e  rad ia t ion  background l e v e l .  Freedom t o  so dispose of them may 
be i i icreasingly r e s t r i c t e d  i n  tine fu ture ,  p r imar i ly  because of the  rapidly 
increas ing  amounts and, secondarily,  because acceptable environmental l i m i t s  
have been reduced. Hence, it w i l l  be necessary f o r  t h e  waste management re -  
search and development program t o  develop, on an expeditious bas i s ,  improved 
and more e f f i c i e n t  methods f o r  decontaminating l a r g e  volumes of low-act ivi ty  
waste and concentrating t h e  radioact ive mater ia l s  removed. I n  a r e l a t e d  
sphere, continued support must be given t o  environmental inves t iga t ions  t o :  
(1) determine the ul t imate  f a t e  of spec i f ic  radionucl ides  i n  land, i n  water 
and i n  a i r  environments; (2)  e s t a b l i s h  reasonable technica l  c r i t e r i a  f o r  safe  
d isposa l  of very l o w  l e v e l  radioact ive e f f l u e n t s  i n t o  the  environment. Such 
programs a r e ,  and must be, pushed with v igor . "  
C i v i l i a n  Nuclear Power, A Report t o  the  President ,  1962 (Washington, 1962), p .  55. 

When nuclear a c t i v i t i e s  were s m a l l  i n  sca le ,  wastes involving very low 

U. S. Atomic Energy Commission, 

w., p.  55. 

- I b i d .  
soluble ,  bu t  cos ts  a r e  not  known." p .  55. 

Op. c i t . ,  note 14, supra.  
kwhr f o r  a 600 MW p lan t  and 10.37 f o r  a 50 MW p l a n t .  

Yoram Barzel,  "Product ivi ty  i n  the E l e c t r i c  Power Industry,  1929-1955," Review 
o f  Economics and S t a t i s t i c s ,  Vol. 45, (November, 1963), p.  402. 
based on a cross-sect ion a n a l y s i s  f o r  1959 of p l a n t s  t h a t  commenced operation i n  
1953-1955. The sample s i z e  range was 28,000 t o  1,400,000 kw. I n  a mult iple  
regression analysis ,  Barzel r e p o r t s  a c o e f f i c i e n t  of  logarithm of s i z e  of 0.109 
and a coef f ic ien t  o f  logarithm of load f a c t o r  o f  0.373. Both coef f ic ien ts  were 
highly s igni f icant  i n  explaining v a r i a t i o n s  i n  logarithm of p lan t  product ivi ty .  

A f u l l e r  treatment of t h i s  subject  w i U  be found i n  W. Iu lo ,  E l e c t r i c  U t i l i t i e s  - 
Costs and Performance (Washington S t a t e  University Press ,  1960). 

OD. c i t . ,  note 4, supra, p .  24. 

Using assumptions somewhat more s implif ied than those employed here,  AEC has 
f o r e c a s t  a schedule of adoption o f  nuclear capaci ty .  See Op. c i t . ,  note 5, 
supra, pp. 64-67. 

O f  high l e v e l  waste disposal ,  MC s t a t e s ,  "The problem i s  technical ly  

The absolute values  of  h i s  es t imates  a re  4.21 m i l l s /  

This r e s u l t  i s  

- 

30. S. H. Schurr and J. Marschak, Economic Aspects of Atomic Power (Princeton Uni- 
v e r s i t y  Press ,  1950). 

31. Op. c i t . ,  note 5,  p. 67. The est imate  was reaffirmed by Commissioner Tope i n  h i s  
paper del ivered a t  t h e  Third In te rna t iona l  Conference on t h e  Peaceful Uses of 
Atomic Energy i n  Geneva. 
AEC Release,  August 31, 1964. 

See "Future Energy Needs and t h e  Role of Nuclear Power," 

32. National Planning Association, "Projections t o  t h e  Years 1976 and 2000: Economic 
Growth, Population, Labor Force and Leisure,  and Transportation," Report t o  the  
Outdoor Recreation Resources Review Commission (Washington, 19621, p .  132, 
Table D-1. 

33. For a sample ca lcu la t ion  i n  which derived e f f e c t s  a r e  c'onsidered f o r  nuclear 
power savings,  see Schurr and Marschak, Op. c i t . ,  note 30, Supra, Ch .  13. 

34. S. H. Schurr, B.  C .  Netschert  and assoc ia tes ,  Energy i n  t h e  American Economy 
1850-19.75 (Johns-Hopliins Universi ty  Press,  1960), p .  177. 
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Op. c i t . ,  note 30, supra, Ch. 12. 

"A Trea t i se  on Nuclear Propulsion i n  Surface Ships," prepared f o r  t h e  Chief of 
Naval Operations and submitted a s  appendix mater ia l  i n  "Nuclear Propulsion for  
Naval Surface Vessels," Hearings before t h e  J o i n t  Committee on Atomic Energy, 
88th Congress, 1st Session (October 30, 31, and November 13, 1.963)~ p .  200. 

I b i d .  

Statement by Commissioner James T.  Ramey, "Use of Nuclear Power f o r  t h e  Production 
of Fresh Water from S a l t  Water," Hearing before t h e  J o i n t  Committee on Atomic 
Energy, 88th Congress, Second Session (August 18, 1964), p .  3. 

"Desalination of Water Using Conventional and Nuclear Energy," a repor t  t o  the  
In te rna t iona l  Atomic Energy Agency, Vienna, 1964, included as Appendix A, "Use 
of Nuclear Power f o r  the Production of  Fresh Water from S a l t  Water," Op. c i t . ,  
note 38, supra,  p .  61. 

- 

x., pp. 49-50. 

I b i d . ,  p .  86. 
S t a t e s  of 1700 gal lons per day per  person f o r  a l l  uses ,  t h e r e  a re  c e r t a i n  sea- 
coast  metropolitan areas  where t h e  demand would be s u f f i c i e n t  t o  consume the  out- 
put of  a b i l l i o n  gal lon per  day p l a n t .  

With an o v e r a l l  na t iona l  average consumption of water i n  t h e  United - 

Idem. 

P. c .  Xtnam, op. c i t . ,  note  2, supra, p .  198. 

- 

S. H. Schurr, B. C .  Netschert and assoc ia tes ,  Op. c i t , ,  note 34, supra, p .  234, 
Table 61;. 

R. A. Tybout, Op. c i t . ,  note  3, supra, Table 1, p .  6. 

Reported i n  "Integrat ing Nuclear Power i n t o  National Grids, If Nucleonics, Vol. 22 
(October, 1964), p .  59. 

Compare H. E .  Landsberg, "Solar Radiation a t  t h e  E a r t h ' s  Surface," Solar E n e r a ,  
Vol. V (July-September, 1961), pp. 95-98. 

Such an ana lys i s  i s  being conducted by the  author us ing  computer simulation and 
equipmefit performance c h a r a c t e r i s t i c s  supplied by h i s  co l labora tor  D r .  George 
0. G .  Lof. Five categories  of equipment a re  being evaluated using U. S. Weather 
Bureau d a t a  f o r  e ight  climates represent ing all major world cl imates  i n  the  
temperate and t ropic% regions except f o r  " t ropica l  r a i n  f o r e s t , ' '  f o r  which 
adequate da ta  are  not ava i lab le .  

The subject  i s  being invest igated by t h e  author,  bu t  more meaningful conclusions 
cannot be drawn a t  the  present t ime. 

These re la t ionships ,  and t h e  problems of determining d i r e c t  and d i f f u s e  rad ia t ion  
i n t e n s i t i e s  from d a t a  reported by t h e  U .  S. Weather Bureau, w i l l  be discussed by 
t h e  author i n  a forthcoming paper, " S t a t i s t i c a l  Separation of Direct  and Diffuse 
Solar Radiation. I' 

H. Tabor and L .  Bronicki, "Small Turbine f o r  Solar Energy Power Package," United 
Nations E/Conf. 35/S/54 (Rome, 1961). 

H. Tabor, "Large Area Solar Col lectors  (Solar Ponds) f o r  Power Production," 
United Nations E/Conf . 35/S/47 (Rome, 1961). 
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Information which follows has been obtained from a number of  d i f f e r e n t  sources, 
including espec ia l ly  The Ford Foundation o f f i c e  i n  R i o  de Janeiro,  and i s  sum- 
marized here  from unpublished mater ia l s  on t h e  economics of solar energy. 

Note 34, supra. 

P. c .  h tnam,  Op. c i t . ,  no te  2 ,  supra,  p .  181. 

A design for t h i s  purpose i s  given in A. Whill ier,"Contribution t o  Solar House 
Heating - A Panel Discussion," Proceedings of World Symposium on Applied Solar  
Energy (Phoenix, Arizona, 1955) and i n  "Principles  of Solar House Design, " Pro- 
gress ive  Architecture,  Vol. 36 (1955), pp. 122-126. 

E .  Speyer, "Optimum Storage of Heat with a Solar House," Solar Energy, Vol. 3 
(December, 1959), pp. 24-48. 

See discussion by Speyer, w., p .  29. 

I. Oshida, "Uses of Solar Energy f o r  Water Heating," United Nations E/Conf. 351 
GR/13(S) (Rome, 1961), ( rappor teur ' s  report  of session I I I . C . 1 ) .  

The technologies represEnted here a re  described i n  many repor t s .  
summary, see G. 0. G. Lof, "Demineralization of Sal ine Water with Solar Energy," 
Sal ine Water Research and Development Progress Report No. 4, U .  S .  Department of 
the  I n t e r i o r  (Washington, 1954). See a l s o  M. Telkes "Solar S t i l l  Construction," 
Off ice  of Saline Water, Progress Report No. 33, U.  S. Department of t h e  I n t e r i o r  
(Washington, 1959) and papers  submitted i n  Session- 111-E, United Nations Con- 
ference on New Sources of Energy (Rome, 1961). 

Estimate by U. S. Off ice  of  Sal ine Water, "Use of Nuclear Power f o r  the  Production 
o f  Fresh Vater from Salt  Water," op. c i t . ,  note 38, supra, pp. 82-86. 

The magnitudes of prcspec t ive  r e a l  cos t  increases  are shown i n  R. A. Tybout, 
Op.  c i t . ,  note 3, supra,  C h .  1. 

Fuel export  and import d a t a  a re  reported i n  United Nations S t a t i s t i c a l  Ser ies  
5-7, Tables 3, 8, 9 ,  ll ( s e r i a l  publicatiori) .  

See R.  A. Tybout, Op .  c i t . ,  note 3, supra, Table 6 and. r e l a t e d  discussion. 

P. N .  Rosenstein-Rodan, " In te rna t iona l  Aid t o  Underdeveloped Countries, ' I  Review 
of Economics and S t a t i s t i c s ,  Vol. 43 (May, 1961). 

For a discussTon of AEC p o l i c i e s  t o  a l l e v i a t e  t h i s  problem, see Commissioner 
J.  T .  Ramey, "The U. S .  Program for Advancing In te rna t iona l  Atomic Power," 
Nucleonics, Vol.  22 ( Ju ly ,  1964) and an interview with AEX Chairman G. T. Seaborg 
i n  t h e  same i ssue .  

For an e a r l y  
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ECONOMICS OF CONVERSION OF FOSSIL FUELS To ELECTRICITY 

J . B .  McClure W.D. Marsh 

E l e c t r i c  U t i l i t y  Engineering 
General E l e c t r i c  Company 

Schenectady, New York 

INTRODUCTION 

The conversion of f o s s i l  f u e l s  t o  e l e c t r i c i t y  has t r a d i t i o n a l l y  been accom- 
p l i shed  i n  t h e  fol lolr ing sequence of  y o c e s s e s :  
conversion t o  mechanical energy through thermodynamic processes;  conversion t o  
e l e c t r i c i t y  by dynamo-electric processes. 
able, t h i s  paper w i l l  consider  the economics of only t h i s  t r a d i t i o n a l  conversion 
sequence. Since most of t h e  e l e c t r i c a l  energy produced i n  t h e  United S t a t e s  i s  
generated by t h e  E l e c t r i c  U t i l i t y  Indus t ry  (91.5 percent  i n  1963), t h e  economics 
w i l l  be discussed i n  terms of that industry.  I n  o t h e r  i n d u s t r i e s  e l e c t r i c i t y  i s  
f requent ly  a by-oroduct of o t h e r  thermal processes. The economics is s p e c i a l  and 
diverse ,  and although it is  of  g r e a t  s ign i f icance  t o  t h e  i n d u s t r i e s  involved, it i s  
not  fundamental t o  an  o v e r - a l l  view of the conversion of f u e l  t o  e l e c t r i c i t y .  

conversion t o  hea t  by combustion; 

Although more d i r e c t  methods* are a v a i l -  

Figure 1 shows t h e  h i s t o r i c a l  t rend  of generat ing capac i ty  of t h e  e l e c t r i c  
u t i l i t y  indus t ry  i n  t h e  c o n t i n e n t a l  United S t a t e s  and pro jec t ions  i n t o  t h e  fu ture .  
A band is used f o r  t h e  nuclear  pro jec t ion  t o  cover t h e  range of  cur ren t  forecas ts  
by var ious i n d u s t r y  groups. 
t h a t  although nuclear  capac i ty  i s  expected t o  become increas ingly  important af ter  
1970, f o s s i l  f i r e d  thermal capac i ty  s t i l l  shows impressive growth. This i n d i c a t e s  
t h a t  conversion of f o s s i l  f u e l s  w i l l  f o r  many years  cont inue t o  be t h e  i lajor source 
of e l e c t r i c  energy. 

A s i g n i f i c a n t  po in t  t o  be noted from t h i s  f igure  i s  

In t h e  e l e c t r i c  u t i l i t y  industry,  pover c o s t  i s  commonly considered t o  c o n s i s t  
of t h r e e  comwonents: f i x e d  charges on investment, f u e l ,  and opera t ion  and maintenance. 
The f i x e d  charge component i s  a c t u a l l y  t h e  revenue requirement, expressed as a l e v e l  
percentage of f i r s t  c o s t  of o l a n t  t o  cover re turn ,  deorec ia t ion ,  Federal  Income Tax, 
and o t h e r  taxes  and insurance. The f u e l  component i s  t h e  product of conversion 
e f f i c i e n c y  and f u e l  p r i c e  and includes R charge f o r  f u e l  inventory. 
maintenance includes t h e  c o s t  of labor ,  materials, and suppl ies .  Table I i l l u s t r a t e s  
t h e  c a l c u l a t i o n  of t o t a l  power c o s t  from a t y y i c a l  modern steam uni t .  

Ogeration and 

It should be noted t h a t  t h e s e  cos ts  would not be r e a l i z e d  i n  an a c t u a l  
e l e c t r i c  u t i l i t y  system because of the  p r a c t i c a l  requirements of p a r t  load opera- 
t i o n  (which increases  hea t  r a t e )  and reserve  capac i ty  (which increases  e f f e c t i v e  
investment c o s t ) .  These poin ts  w i l l  b e  discussed i n  more d e t a i l  later. 

The economics of energy conversion can b e s t  b e  discussed i n  terms of t h e  a c t u a l  
Accordingly, apparatus t h a t  produces p r a c t i c a l  rendi t ions  of  t h e  processes  involved. 

t h e  discussion t o  fol low w i l l  consider power c o s t  components o f :  
p lan ts ,  gas turb ine  p lan ts ,  steam e l e c t r i c  p lan ts ,  and combination cyc le  p lan ts .  

d i e s e l  engine 

- - 
* The f u e l  c e l l  accomplishes t h e  conversion t o  e l e c t r i c i t y  i n  a s i n g l e  stea. 

Thermionic, thermoelectr ic  and magnetohydrodynamic (MHD) methods requi re  t w o  
s teps :  combustion t o  produce hea t ;  and then d i r e c t  conversion t o  e l e c t r i c i t y .  
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TABLE I 

Investment, $/i:w 

Fixed Charges, mi l l s jkvh  
(12% F.C., 80$ Cap. Fac to r )  

Operation and Maintenance, m i l l . s / l < w h  

Fuel Cost, Burn-up, milisjkwh 
(8803 Btuikwh, 25$/M Btu) 

Fuel Cost, Inventory, milisjkwh 
(9 days inventory a t  105) 

Tota l  Fuel Comuonent, mills/kwh 

To ta l  Power Cost, mills, kvh 

110 

1.89 

0.25 

2.29 

0.07 

2.27 - 
4.41 

PLANT INVESTMENT COMPONENT OF POWER COST 

I n  order t o  t r a n s l a t e  p l a n t  investment i n t o  a power c o s t  component, t h e  f ixed  
charge r a t e  on investment and t h e  capac i ty  f a c t o r  a t  which the  p lan t  operates,  must 
be  considered. 
on t h e  type of financing, i .e.  t h e  uroportion of bonds, p refer red  stock and common 
s tock;  earnings permitted by t h e  r egu la t ing  commissions; r a t e  of deprec ia t ion ;  and 
s t a t e  and l o c a l  taxes.  

Fixed charge r a t e s  vary from 10% per year t o  15% per year, depending 

I n t e r n a l  Combustion P lan t s  

Diesel-engine generator p l a n t s  vary over a wide range i n  i n s t a l l e d  cos t s ,  
depending on type  of engine, speed, s i z e  and type of  s e rv i ce  for which intended. 
They nay be i n s t a l l e d  f o r  as l o w  as $85;kw f o r  s e t s  designed f o r  sho r t  time peaking 
se rv ice  t o  as high as $200/kw f o r  sets designed f o r  heavy duty, f u l l  t i m e  base-load 
se rv ice .  

Gas tu rb ine  generator p l a n t s  a l s o  vary over a w i d e  range i n  i n s t a l l e d  c o s t s  
depending somewhat on r a t i n g  bu t  t o  a g r e a t e r  ex ten t  on the  design e f f i c i ency .  A 
r e l a t i v e l y  low e f f i c i ency  simple cyc le  gas tu rb ine  p lan t  f o r  weaking se rv ice  may be 
i n s t a l l e d  f o r  as low as $70/kw, while a 2-shaf t  machine w i t h  regenera t ive  cyc le  may 
b e  a s  high as $150/kw. 

Steam E l e c t r i c  P lan t s  

The i n s t a l l e d  cos t  per  kw of steam e l e c t r i c  s t a t i o n s  has shown outstanding 
This has been l a r g e l y  progress over t h e  years,  i n  s p i t e  of i n f l a t i o n a r y  t rends .  

t h e  r e s u l t  o f  the combined e f f o r t s  of  e l e c t r i c  u t i l i t y  engineers,  consul t ing  
engineers and equipment manufacturers who have displayed grea t  courage and ingenui ty  
i n  successfu l ly  applying ever i nc reas ing  r a t ings .  (Fig. 7) The downward t r end  i n  
s t a t i o n  cos t s  pe r  Xw i s  a l s o  a t t r i b u t a b l e  t o  adoption of t he  unit system (1 b o i l e r ,  
1 turb ine-genera tor ,  1 s tep-up  transformer bank) and continued e f f o r t  toward design 
s impl i f i ca t ion  throughout t h e  p l an t .  Fig. 4 shows t h e  downward t r e n d  i n  $/kv versus 
s i z e ,  inc luding  t h e  e f f e c t  of t y p i c a l  steam condi t ions  f o r  t h e  s i z e  of u n i t  being 
considered. The ind ica ted  band w i l l  account f o r  d i f f e rence  i n  site conditions,  
p l a n t  design concepts and l o c a l  cons t ruc t ion  cos t s .  . Table I1 shows the r e l a t i v e  
i n s t a l l e d  cos t s  of the  major equipments i n  a t y p i c a l  s team-e lec t r ic  p lan t .  

. - I  
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TABLE I1 

S i t e  and S t r u c t u r e  (Boi le r )  

Steam Generator (Boi le r )  and Draft Equipment 

Feedwater System and Piping 

Turbine Generator 

Condenser and Ci rcu la t ing  Water System 

E l e c t r i c a l  Equipment 

Coal Handling 

Step-up Transformer and High Yard Equipment 

1676 
25 
10 

22 

a 
5 
6 
8 

1005 
- 

Other design f a c t o r s  in f luence  t h e  i n s t a l l e d  c o s t :  a p l a n t  designed f o r  oii 
or gas f i r i n g  w i l l  reduce o l a n t  c o s t s  by $1.5 - $25 per  k v ;  t h e  range frorn an a l l  
indoor p l a n t  t o  t h e  full outdoor design i n  t h e  order  of $5 - $ ~ O / ' K T ~ ~ ;  a ,wet  type 
.cooiing tower where a moderate water sunpiy i s  a v a i l a b l e  adds $5 - $1.3/%w over t,he 
more conventional r i v e r ,  l a k e  or  ocean source; and 3. dry  type cool ing tower--for 
loca t ions  v i t h  minimum cool ing water--wili add $20 - $30/kw. 

- Steam Generat= (Boi le rs )  

Steam generator  equinments o f f e r  t h e  designer  a r e a l  chal lenge t o  a r r i v e  a t  
an o p t i a i i e d  nroduct af ter  due  considerat ion o f  many Yarameters. The q r e a t e s t  
s i n g l e  unknown i s  t h e  q u a l i t y  of  f u e l ,  i n  t h e  case  o f  coa l ,  t h a t  w i l l  b e  burned 
throughout t h e  l i f e  of  t h e  equipment and with vhich it i s  expected t o  meet t n e  
r a t e d  output .  Over t h e  years ,  t h e  c o s t  ner u n i t  of outout  has  s t e a d i l y  decreased, 
pr imari ly  by t w i n g  advantage of  t h e  increased cnowledge, gained through design 
and opera t ing  experience, p e r t a i n i n g  t o  t h e  m y  f a c t o r s  which can be u t i l i i e d  t o  
increase  t h e  comoactness of t h e  equipment. 

Higher temperatures and pressures  permitted by modern metallurgy, reduce 
t h e  required steam flow per  kw of  p lan t  output .  
ment, of water c i r c u l a t i o n  c h a r a c t e r i s t i c s ,  of gas d i s t r i b u t i o n  i n  t h e  ?ressurized 
furnace and t h e  adoption of intermediate  furnace walls, or twin furnaces, a l l  
cont r ibu te  t o  compactness. A t  t h e  higher pressures ,  use of forced  c i r c u l a t i o n  and 
el iv- inat ion of t h e  steam drum both c o n t r i b u t e  t o  reduct ion i n  materia1.s. 

Increased knowledge of water t r e a t -  

Today, s i n g l e  steam generator  equipments are being designed for f l o v s  auproach- 
ing 8,000,000 #/hr--corresponding t o  a s t a t i o n  output  about 1200 m,'. 

Turbine Generators 

The t u r b i n e  designer  has  kept  pace with t h e  rap id  increase  i n  ra t ings ,  s t i l l  
showing a continued decrease i n  u n i t  investment by a r r i v i n g  a t  designs with more 
and more compactness. 
required o r i f i c e  a r e a d  are obtained by longer  buckets on l a r g e r  wheels and i n  t h e  
lower pressure area of  t h e  t u r b i n e  by providing mul t ip le  flow oaths .  These design 
f e a t u r e s  immose g r e a t e r  forces  on t h e  main cas ing  f langes ,  g r e a t e r  c e n t r i f u g a l  and 
bending forces  on t h e  vhee ls  and buckets and g r e a t e r  spans between bearings. 
These and many o ther  requirements a r e  successfu l iy  met by t h e  use of new a l l o y  
metals and design in<enui ty- -a l l  r e s u l t i n g  i n  higher  outputs  D e r  unit of equioment. 

A high r a t e d  t u r b i n e  must pass  high steam flow and t h e  

High speed, 3600 rpm, turb ines  a r e  appl ied  f o r  almost all modern high- 
pressure,  high-temperature, steam condi t ions.  Tandem turbines--one turb ine  and 
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one generator--are  t o d a -  on order  i n  r a t i n g s  up t o  700 m~. For stil.1 l a r g e r  
r a t i n g s  t h e  c r o s s  compmnd t u r b i n e  i s  appl ied  where t w o  tu rb ines  are used i n  
s e r i e s  i n  t h e  steam path and each t u r b i n e  has  i t s  corresnonding generator .  The 
high-pressure 3600 rpm t u r b i n e  exhausts i n t o  a loi,r-pressure 1803 rpm t u r b i n e  where 
s u f f i c i e n t  o r i f i c e  area f o r  t h e  very high steam flows t o  t h e  condenser i s  more 
r e a d i l y  obtained. Cross comcound s e t  r a t i n g s  as high as 1130 mw are on order .  

In nuclear  fueled p l a n t s ,  where the steam condi t ions are appreciably lower 
than  i n  f o s s i l  fueled p lan ts ,  1800 rpm tandem turbine-generator  set r a t i n g s  of  
750 mw a r e  on order .  

While steam generators  and t u r b i n e s  have been increas ing  i n  r a t i n g ,  t h e  
assoc ia ted  generators  have elso been keeping pace. 
renlaced by hydrogen as a cool ing  medium i n  t h e  generator  casing. The l a t e s t  
development f o r  t h e  l a r g e r  r a t i n g s  w a s  t h e  in t roduct ion  of t h e  conductor-cooled 
genera tor  vhere t h e  r o t o r  i s  designed so t h a t  hydrogen gas is i n  d i r e c t  contact  
with t h e  r o t o r  conductors and where t h e  armature bars  a r e  arranged f o r  gas, o i l  o r  
water t o  be i n  d i r e c t  contac t  wi th  t h e  conductors for removal of h e a t  loss.  These 
design techniques have permi t ted  spec tacular  increases  i n  r a t i n g  from t h e  same 
physical  s i z e  equipment. 

A s  a f i r s t  s tep ,  air  has been 

Combined Cycle Plants  

Some a t t e n t i o n  has been given t o  t h e  combined gas t u r b i n e  - steam turb ine  
cyc le  vhere a conventional steam e l e c t r i c  p lan t  i s  e s s e n t i a l l y  topped by a simple 
cyc le  gas  t u r b i n e  generator  se t ,  and t h e  exhaust gases are used f o r  combustion i n  
t h e  steam generator .  Such a p l a n t  w i t h  outuut i n  t h e  order  of 250,000 kw is i n  
successfu l  operat ion,  using gas as t h e  f u e l .  Although t h i s  kind of p l a n t  requi res  
added investment per kw, t h i s  i s  more than  o f f s e t  by t h e  gain i n  e f f ic iency .  The 
widespread a p p l i c a t i o n  of combined gas turb ine  - steam t u r b i n e  p l a n t s  awaits t h e  
development of successful  c o a l  f i r i n g .  

Several  years  ago, when convent ional  u n i t s  were i n  t h e  109,000 kw range and 
with h e a t  rates 10,000 Btu/kwh or higher ,  p lan ts  with mercury cycle  topping and h e a t  
rates o f  9000 Btu/kwh received some i n t e r e s t .  
i n  h e a t  rates of conventional cyc les  has  reached t h e  poin t  where t h e  mercury cyc le  
p r a c t i c a l l y  cannot be j u s t i f i e d  because t h e  h e a t  rate ga in  is more than  o f f s e t  by 
t h e  e x t r a  investment i n  p l a n t  equipment. 

Since that t i m e ,  however, t h e  progress 

FLTEL COMPONENT OF POWER COST 

Although t h e  inventory component of f u e l  c o s t  i s  not  negl ig ib le ,  it i s  
s u f f i c i e n t l y  small t h a t  it can  b e  ignored i n  a discussion of comparative f o s s i l  
f u e l  conversion economics. The burn-up component, as noted earlier, i s  a funct ion 
of e f f i c i e n c y  and f u e l  pr ice .  

Diesel Engine P l a n t s  

The d i e s e l  engine i n  t h i s  country dates from about t h e  year 1900. 
t i m e ,  the use of d i e s e l  engines has expanded tremendously, although for e l e c t r i c  
u t i l i t y  appl ica t ion ,  t h e i r  use  i s  l i m i t e d  by small u n i t  s i z e  and i n a b i l i t y  t o  burn 
coa l .  O i l  and gas f i r e d  d i e s e l  engines accounted for  about 1 .5  percent  of t o t a l  
c a p a c i t y  i n  1963. I n  recent  years ,  t h e r e  has  been some appl ica t ion  of small high- 
speed d i e s e l  engines for emergency and peaking s e r v i c e  on large u t i l i t y  systems, 
bu t  t h e  major appl ica t ion  is  i n  base load  serv ice  on small municipal systems. 
t h e  use of high cyl inder  pressures and temperatures, it is poss ib le  t o  obta in  h e a t  
rates as low as 9500 Btu per kwh as i n d i c a t e d  i n  Figure 2. As w i l l  b e  explained 
later,  the h e a t  rates i n  t h i s  f i g u r e  a r e  a l l  based on t h e  "higher hea t ing  value" of 

Since t h a t  

By 
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t h e  fuel, and hence vary somewhat with the  na ture  of t h e  fue l .  

Gas Turbine P lan ts  

The f i r s t  gas turb ine  used f o r  e l e c t r i c  power generation i n  t h i s  country w a s  
i n s t a l l e d  i n  1949. 
and t h e i r  primary appl ica t ion  i n  u t i l i t y  systems i s  for peaking and emergency stand- 
by service.  Unit s i z e s  are l a r g e  enough t o  be p r a c t i c a l  f o r  l a rge  u t i l i t i e s .  
f i r i n g  i s  n o t  f eas ib l e ,  but  gas t u r b i n e s  can handle a wide v a r i e t y  of o i l  and gas 
fue ls .  The major hea t  loss i n  t h e  gas turb ine  cycle  i s  the  exhaust; and where no 
attempt i s  made t o  recover t h i s  hea t ,  e f f i c i e n c i e s  a r e  r e l a t i v e l y  low. Heat r a t e s  
i n  the  range oi' 14,500 - 16,500 Btu per  kwh a r e  typ ica l ,  as shown i n  Figure 2. 
Where regenerators  a re  used f o r  exhaust hea t  recovery,  h e a t  r a t e s  as low as 13,000 
Btu per  kwh may be achieved. The use  of higher  f i r i n g  temperatures (above 1600 F) 
will i n  t he  fu tu re  reduce gas turb ine  heat  r a t e s .  

Gas turb ines  a r e  inherent ly  simple machines of low first cos t  

Coal 

Steam E l e c t r i c  P l a n t s  

The f i r s t  c e n t r a l  e l e c t r i c  generat ing s t a t i o n s ,  b u i l t  j u s t  p r i o r  t o  the  t u r n  
of t h e  century, consis ted of b o i l e r s  supplying sa tura ted  steam t o  rec iproca t ing  
steam engines dr iv ing  slow-speed generators .  By 1910, t he  steam t u r b i n e  was rap id ly  
supplant ing the rec iproca t ing  engine because of i t s  g r e a t e r  s i m p l i c i t y  and higher  
e f f ic iency .  

Figure 3 shows, schematically,  a modern steam cycle. I n  consider ing the  
e f f i c i e n c y  of such a cycle, it may be noted that the  major source of b o i l e r  l o s ses  
i s  i n  the  heat  contained i n  t h e  gases discharged through t h e  s tack .  I n  the l92O's, 
t he  introduct ion of economizers and a i r  preheaters  gave a s u b s t a n t i a l  reduct ion i n  
t h i s  loss by using the  s tack  h e a t  t o  preheat  incoming air  and feedwater. A second 
f a c t o r  i n  b o i l e r  e f f i c i e n c y  progress  w a s  t he  in t roduct ion  of pulver ized coal  f i r i n g  
which g r e a t l y  increased combustion e f f ic iency .  Other important developments have 
made it possible  t o  maintain high e f f i c i e n c y  at p a r t i a l  load. Some of these  a r e  
cont ro l  of gas flow by b a f f l i n g  and r e c i r c u l a t i o n ,  and steam temperature cont ro l  
through de-superheating, d i f f e r e n t i a l  f i r i n g ,  and burner angle cont ro l .  Modern coal  
f i r e d  b o i l e r s  have full load e f f i c i e n c i e s  of 90 percent or more. 

Another major loss occurs i n  the  condenser where h e a t  i n  t h e  turb ine  exhaust 
steam is  re jec ted  t o  the  cool ing water. This loss  i s  s u b s t a n t i a l l y  reduced by 
regenerat ive feedwater heat ing,  accomplished by e x t r a c t i n g  steam from various s tages  
of t he  turbine.  
recent  cycle  development i s  t h e  use of reheat .  
t he  turb ine ,  steam i s  returned t o  t h e  b o i l e r  and reheated t o  approximately i n i t i a l  
temperature f o r  re-entry t o  t h e  turb ine .  Nearly all la rge  steam p l a n t s  going i n t o  
serv ice  today incorporate  t h i s  f e a t u r e  which improves t h e  cycle  e f f i c i e n c y  4 t o  5 
percent.  A few p l a n t s  have used a second rehea t  which provides an addi t iona l  gain 
of about 2 percent.  

This device has  been u n i v e r s d l y  used f o r  over 30 years.  A more 
Af te r  expanding p a r t i a l l y  through 

Over the years ,  t u r b i n e s  have been designed i n  l a r g e r  and l a r g e r  r a t ings  
incorporat ing these  cycle improvements, while a t  the  same time, t h e r e  has been 
s teady improvement i n  turb ine  mechanical e f f i c i e n c y  brought about by c loser  cont ro l  
of running clearances and leakages,  advanced aerodynamic design of buckets and 
improved nozzle design. 

Figure 2 shows today 's  n e t  s t a t i o n  h e a t  rates f o r  steam p l a n t s  with steam 
condi t ions t y p i c a l  f o r  t he  s i z e s  shown. 
and 900°F temperature f o r  t h e  smaller  units t o  3500 psig,  10009 i n i t i a l  and 1050°F 
rehea t  f o r  the  l a r g e r  s i zes .  The approximate h i s t o r i c a l  t rend  of b e s t  s t a t i o n  h e a t  
r a t e s  i s  given i n  Figure 8. 

This  ranges from 850 p s i g  t h r o t t l e  pressure 
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Heating Value of Nels 

I n  t he  combustion of hydro-carbon fue l s  where water i s  a product, it i s  
necessary t o  consider what are c a l i e d  t h e  "higher" and "lover" hea t ing  values of 
t h e  f u e l s .  I n  p r a c t i c a l  thermodynamic machinery, t he  exhaust temperature is such 
t h a t  t h e  product water is i n  the form of vapor. The hea t  of  vapor iza t ion  repre-  
s e n t s  hea t  t h a t ,  i,7hile produced i n  combustion, i s  not ava i l ab le  t o  t h e  machine or 
process.  It  has become customary t o  sub t r ac t  t h i s  heat of vapor iza t ion  from t h e  
t o t a l  hea t ing  value of t h e  f u e l  and r e f e r  t o  it as t h e  "lower hea t ing  value". 
t o t a l  hea t ,  as would be determined by bomb ca lor imeter ,  i s  c a l l e d  t h e  "higher 
hea t ing  Val-ue". The thermal e f f i c i ency ,  or heat  r a t e ,  of a generating p lan t  thus 
deoends upon which hea t ing  va lue  i s  used in  i ts  determination. 
f u r t h e r  complicated by t h e  f a c t  t h a t  t h e  r a t i o  of higher hea t ing  value t o  lower 
hea t ing  value i s  not t h e  same f o r  a l l  f u e l s .  Typical values a r e  a s  follows: 

The 

The s i t u a t i o n  i s  

Fuel 

Coal 

Rat io  HHv LHV 
1.03 

O i l  1.06 
Natural  Gas 1.11 

In European prac t ice ,  lower hea t ing  value is  most commonly used; whereas i n  
t h i s  country,  higher hea t ing  value i s  t h e  usual r u l e .  An exception t o  t h i s  i s  i n  
t h e  d i e s e l  i ndus t ry  where HHV i s  used in quoting e f f i c i ency  f o r  o i l  f u e l  and LHV f o r  
gas f u e l .  

Operation and Maintenance Component of Power Costs 

Diese l  pl-ants and gas t u r b i n e  p l an t s  comprise r e l a t i v e l y  s m a l l  r a t i ngs  w i t h  
r e s u l t i n g  h igher  operation and maintenance cos t s  t han  a r e  experienced i n  steam 
e l e c t r i c  p l an t s .  hrrtherrnore, type of f u e l ,  s e rv i ce  conditions,  and annual capac i ty  
f a c t o r s  vary widely. I n  genera l ,  however, t y p i c a l  cos t s  fo r  a d i e s e l  or gas turb ine  
p l an t  w i l l  be i n  the  range of 0 .5  t o  5.0 mills/kwh for a capac i ty  f ac to r  of 80%. 

For steam e l e c t r i c  p l an t s ,  Figure 5 shows t y p i c a l  operation and maintenance 
c o s t s  f o r  coa l  f i r i n g .  G a s  and o i l  f i r e 6  plants have s l i g h t l y  lower cos t s .  

Generation System Economics 

From t h e  foregoing d iscuss ion  of investment cos t ,  hea t  r a t e s ,  and operation and 
maintenance c o s t s  fo r  t h e  d i f f e r e n t  types  of p l an t s ,  it w i l l  be seen t h a t  a wide 
range in power c o s t s  per  kwh i s  inev i t ab le .  
genera t ing  p l an t ,  cos t s  w i l l  vary  considerably because of d i f fe rences  i n  f u e l  a n d  
cons t ruc t ion  c o s t s  i n  d i f f e r e n t  p a r t s  of the country. 
t i o n s  of t h e  c o s t  of power generated i n  a s i n g l e  p l a n t  o r  u n i t  i s  t h e  question of 
t o t a l  system c o s t  which determines the impact of e l e c t r i c  energy on t h e  n a t i o n ' s  
economy. 

Even considering only one type of 

But beyoid these  considera- 

The f i r s t  f ac to r  t h a t  i n f luences  t o t a l  system generating c o s t  i s  the  na ture  
of t he  load. 
u t i l i t y  system va r i e s  through a two t o  one range. 
t o  one, or more. Figure 6 is a t y p i c a l  annual load dura t ion  curve. 
t h e  top  20 percent  of t h e  load  e x i s t s  f o r  only about 6 percent of t h e  time. 
Generating c o s t  f o r  t h i s  component of load i s  very high because of the f ixed  invest-  
ment charge which is d i s t r i b u t e d  over only a few kwh. 

I n  a 24-hour per iod ,  t h e  magnitude of load  on a t y p i c a l  e l e c t r i c  
I n  a year t h i s  v a r i a t i o n  i s  t h r e e  

It shows t h a t  

A t  t h e  o the r  extreme i s  the  
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bottom 30 percent of t he  load  which e x i s t s  100s of t h e  t i m e .  
which may be generated a t  minimum cos t .  
generating u n i t s  i s  important because of t h e  f l u c t u a t i n g  na ture  of t h e  load, and 
because excess capac i ty  must always be k e D t  i n  opera t ion  t o  provide a high degree 
of s e rv i ce  con t inu i ty  i n  t h e  event of sudden equipment breakdown. I n  addi t ion  t o  
t h i s  so-ca l led  "spinning reserve",  it i s  necessary t o  have some capac i ty  i n  co ld  
standby f o r  long-time outages, and t o  permit u n i t s  t o  be withdrawn from serv ice  f o r  
maintenance and inspection. I n  general ,  e l e c t r i c  u t i l i t y  systems have i n s t a l l e d  
capac i ty  represent ing  110 t o  120 percent of a n t i c i p a t e d  ueak load. This imposes an 
investment cos t  burden beyond t h a t  ca l cu la t ed  f o r  power conversion cos t  of a s i n g l e  
u n i t .  

This i s  t h e  base load  
As noted e a r l i e r ,  p a r t  load e f f i c i ency  of 

The second f a c t o r  in f luenc ing  t o t a l  system cos t  i s  growth. The indus t ry  has 
h i s t o r i c a l l y  grown at t h e  r a t e  of about 7 percent per year.  I n  the  pas t ,  t h i s  
growth, toge ther  with t h e  shaDe of t h e  load  dura t ion  curve, has very nea t ly  f i t t e d  
t h e  p a t t e r n  of progress i n  genera t ing  u n i t  e f f i c i ency  so  as t o  e l imina te  t h e  problem 
of obsolescence: new e f f i c i e n t  units could always opera te  a t  high load  f ac to r  i n  
t h e  bottom of the load curve while o lder ,  l e s s  e f f i c i e n t  un i t s  performed the  s h o r t  
time peaking function. Today, t h e  growth continues,  and t h e  load  dura t ion  curve 
r e m i n s  about t he  same, bu t  progress i n  e f f i c i e n c y  improvement has slowed. This 
gives an owportunity t o  apply s p e c i a l  forms of peaking generation whose ope ra t in s  
c h a r a c t e r i s t i c s  and low investment c o s t  a r e  i d e a l l y  s u i t e d  fo r  the s h o r t  duration 
peak load. 
t i o n  f o r  t h i s  bulK peaking serv ice .  

Pumped s torage  hydro and gas tu rb ines  a r e  beginning t o  f i n d  wide appl ica-  

One might a sk  whether t h e  in t roduct ion  of nuc lear  power does no t  c o n s t i t u t e  
t h e  beginning of another technologica l  cyc le  wherein progress i n  reducing fue l  cos t  
w i l l  again orove t o  be compatible with load  growth and the  shape of the  load curve. 
This could be the  case--but today t h e r e  e x i s t  forms of ueaking generation t h a t  were 
not ava i l ab le  60 years ago. 
design must include peaking generation a s  wel l  as t h e  most advanced forms of base 
load un i t s .  

And economic s tud ie s  ind ica t e  t h a t  optimum system 

This br ings  up the  t h i r d  major f a c t o r  i n  generation system economics: 
emergence of nev methods of system design ana lys i s  us ing  simulation techniques i n  
d i g i t a l  computers. 
a l t e r n a t e  20-year plans f o r  generation system expansion with a high degree of 
accuracy and a t  reasonable cos t .  
w i l l  perform an important s e r v i c e  i n  keeoing t h e  f u t u r e  cos t  of e l e c t r i c  power as 
lov as poss ib le .  

t h e  

It i s  now poss ib l e  t o  analyze t h e  performance and economics of 

These methods a r e  gaining wide acceptance and 

I n  conclusion, t h e r e  w i l l  be continued progress i n  t h e  economics of converting 
f o s s i l  f u e l s  t o  e l e c t r i c i t y ,  bu t  wrobably at a l e s s  spec tacular  rate than i n  
previous years.  
design s impl i f i ca t ion  and t h e  app l i ca t ion  of s t i l l  l a r g e r  u n i t s .  
toge ther  with automation, w i l l  r e s u l t  i n  lower opera t ion  and maintenance costs.  
S imi la r ly ,  i t  i s  expected t h a t  modest improvements i n  conversion e f f i c i ency  w i l l  be 
r ea l i zed .  
p l an t s  w i l l  continue t o  con t r ibu te  i n  a major way t o  low t o t a l  system generating 
cos t s  i n  t h e  fu tu re .  

There is  s t i l l  oppor tuni ty  f o r  lower investment c o s t s  through 
These same f a c t o r s ,  

Thus, t h e r e  seems t o  be l i t t l e  doubt bu t  t h a t  f o s s i l  fue l ed  generating 
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NUCLEAR ELECTRIC POWER 

Economics of t h e  Convers ion  of Nuc lea r  Energy t o  E l e c t r i c i t y  

J o h n  M .  V a l l a n c e  
Un i t ed  S t a t e s  Atomic Energy Commission 

I .  INTRODUCTION 

T h i s  p a p e r  d i s c u s s e s  t h e  economics of p roduc ing  e l e c t r i c i t y  from n u c l e a r  energy ,  
economic d a t a  p r e s e n t e d  a r e  i n t e n d e d  t o  i n d i c a t e  t h e  c u r r e n t  and nea r - t e rm s i t u a t i o n  i n  
n u c l e a r  economics ,  w i t h o u t  d i s p l a y i n g  undue opt imism o r  pess imism.  I n  a d d i t i o n ,  t h e  sub- 
j e c t  matter a r e  a l s o  f o r  t h e  purpose  of p r o v i d i n g  you w i t h  a b e t t e r  unde r s t and ing  of t h e  
economics of n u c l e a r  power i n  g e n e r a l .  The i n p u t  d a t a  used  i n  t h i s  p a p e r  a r e  from a m u l t i -  
t u d e  o f  s o u r c e s  and i n  many c a s e s ,  t h e  d a t a  were  s u b j e c t e d  t o  i n t e r p r e t a t i o n  by t h e  a u t h o r .  
I wish  t o  a l s o  make t h e  q u a l i f i c a t i o n  t h a t  t h e  s p e c i f i c s  t h a t  go  i n t o  de t e rmin ing  t h e  
economic per formance  of n u c l e a r  e l e c t f i c  p l a n t s  a r e  changing  r a p i d l y  w i t h  t ime ,  Hence, you 
a r e  c a u t i o n e d  t h a t  c e r t a i n  p o r t i o n s  of t h i s  p a p e r  a r e  s u b j e c t  t o  o b s o l e s c e n c e  and i t  i s  t o  
be unde r s tood  t h a t  t h e  d a t a  and i n f o r m a t i o n  p r e s e n t e d  r e p r e s e n t  t h e  s i t u a t i o n  based  on 
what we t h i n k  we know t o d a y ,  a s  seen  f rom t h e , a u t h o r s  p o i n t  of view. There a r e  a number 
of  f a c t o r s  c u r r e n t l y  p r e v a l e n t  . i n  t h e  f i e l d  of n u c l e a r  power which  make economic eva lu -  
a t i o n s  and a n a l y s e s  d i f f i c u l t .  The n u c l e a r  i n d u s t r y  i s  r e l a t i v e l y  new and a s u f f i c i e n t  
base  of o p e r a t i o n s  i s  j u s t  beg inn ing  t o  be  e s t a b l i s h e d .  There  a r e  r e a s o n s  t o  b e l i e v e  
t h a t  t h e  s i z e  of t h e  n u c l e a r  i n d u s t r y  w i l l  i n c r e a s e  r a p i d l y  w i t h  t i m e .  S e v e r a l  a u t h o r i -  
t a t i v e  growth p r o j e c t i o n s  i n d i c a t e  t h a t  annual  r a t e s  of n u c l e a r  f u e l  th roughput  and  new 
p l a n t  c o n s t r u c t i o n  w i l l  i n c r e a s e  more t h a n  t e n - f o l d  i n  t h e  decade  1970 t o  1980. These 
f a c t o r s  i n t r o d u c e  major  c o m p l i c a t i o n s  i n  choos ing  r e a l i s t i c  c o s t  i n p u t  d a t a  t o  u se  i n  
economic computa t ions .  
economic per formance  of n u c l e a r  e l e c t r i c  p l a n t s  v a r y  w i d e l y .  

I n  t h e  U . S . ,  e conomica l ly  c o m p e t i t i v e  n u c l e a r  e l e c t r i c  power has  n o t  y e t  been produced .  
However, i t  is  e x p e c t e d  t h a t  s e v e r a l  l a r g e  n u c l e a r  e l e c t r i c  p l a n t s  now under c o n s t r u c t i o n  
w i l l  demons t r a t e  tha t .  t hey  a r e  c o m p e t i t i v e  i n  t h e i r  p a r t i c u l a r  c i r c u m s t a n c e s .  It  w i l l  
be a few y e a r s  however b e f o r e  t h i s  is borne  o u t .  Thus ,  one must l o o k  i n t o  t h e  n e a r  
f u t u r e  i n  o r d e r  t o  speak  of economic n u c l e a r  power.  F o r  t h i s  r e a s o n ,  it i s  impor t an t  
t h a t  t h e  unde r ly ing  t e c h n i c a l ,  economic and o p e r a t i o n a l  a s sumpt ions  which go  i n t o  
n u c l e a r  power c o s t  e s t i m a t e s  be s p e l l e d  o u t  w i t h  a r e a s o n a b l e  d e g r e e  of c l a r i t y .  T h i s  
pape r  a t t e m p t s  t o  p r o v i d e  a g e n e r a l  a p p r e c i a t i o n  of  n u c l e a r  e l e c t r i c  p l a n t  economics - 
i t  p r e s e n t s  d a t a  on t h e  c u r r e n t l y  e s t i m a t e d  economic s t a t u s  and p r o v i d e s  a g e n e r a l  
i n d i c a t i o n  of what w e  rn igh t . expec t  a s  more advanced r e a c t o r  c o n c e p t s  a r e  brought  i n t o  
b e i n g ,  I n  go ing  abou t  t h i s  e n d e a v o r ,  the, f o l l o w i n g  sequence  of p r e s e n t a t i o n  w i l l  .be 
f 01 1 owed : 

The 

T h i s  i s  one of t h e  p r imary  r e a s o n s  why e s t i m a t e s  of . fu tu re  

* C u r r e n t  program 
* F u e l  c y c l e s ,  f l o w s h e e t ,  m a t e r i a l  and ene rgy  b a l a n c e s  
0 Methodology of Economic Computa t ions  

S p e c i f i c  Economic E s t i m a t e s  
* A n a l y s i s  o f  Fue l  C o s t s  

C u r r e n t  Program 
H i s t o r i c a l l y ,  t h e  AEC h a s  c a r r i e d  out a . b r o a d  base  program of  r e a c t o r  development 
i n v o l v i n g  many r e a c t o r  t y p e s .  The scope of . t h i s  p a s t  and c u r r e n t  e f f o r t  can  be w e l l  
a p p r e c i a t e d  by Tab le  I which l i s t s  t h e  n u c l e a r  p l a n t s  p r e s e n t l y  commit ted ,  under con- 
s t r u c t i o n  o r  o p e r a b l e .  . .  
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R e c e n t l y ,  t h e  AEC h a s  been r educ ing  t h e  number of r e a c t o r  c o n c e p t s  under  a c t i v e  deve lop -  
ment .  The p r e s e n t  AEC c i v i l i a n  n u c l e a r  power program i s  focused  on t h e  development of 
advanced  the rma l  r e a c t o r s  and f a s t  b r e e d e r  r e a c t o r s ,  l e a v i n g  f u r t h e r  improvement of t h e  
c o n v e n t i o n a l  l i g h t  w a t e r  r e a c t o r s  t o  i n d u s t r y .  

The p r imary  t e c h n i c a l  i n c e n t i v e s  f o r  t h e  development of t h e s e  r e a c t o r  c o n c e p t s  a r e  l i s t e d  
i n  T a b l e  2. 

TABLE 2 

TECHNICAL REASONS FOR ADVANCED THERMAL REACTORS 

AND FAST BREEDER REACTORS 

1.. Achieve  t h e  t i m e l y  i n t r o d u c t i o n  of advanc ing  t echno logy  i n t o  t h e  
growing  n u c l e a r  complex, w i t h  a t t e n d a n t  c o s t  r e d u c t i o n s .  

2. Reduce t h e  r equ i r emen t  f o r  f i s s i l e  material mined from t h e  ground,  
t h e r e b y  e x t e n d i n g  t h e  a v a i l a b i l i t y  of n u c l e a r  r e s o u r c e s .  

3. P e r m i t  t h e  u s e  of h i g h e r  c o s t  n u c l e a r  f u e l  r e s o u r c e s  w h i l e  s t i l l  
p roduc ing  low c o s t  e n e r g y ,  t h e r e b y  expanding  t h e  r e s o u r c e  b a s e .  

F u e l  C y c l e s  

B e s i d e s  t h e  v a r i o u s  c h o i c e s  f o r  s t r u c t u r e ,  . c o o l a n t  and modera tor  combina t ions ,  n u c l e a r  
r e a c t o r s  can  o p e r a t e  w i t h  v a r i o u s  combina t ions  of f i s s i l e  and f e r t i l e  m a t e r i a l s  a l t h o u g h  
c e r t a i n  r e a c t o r  t y p e s  a r e  l o g i c a l l y  o r i e n t e d  towards  p a r t i c u l a r  f i s s i l e / f e r t i l e  s p e c i e s .  

The heavy e lements .  of i n t e r e s t  a s  

F i s s i l e  

Uranium 233 
Uranium 235 
Plu ton ium 

n u c l e a r  f u e l s  a r e  shown i n  T a b l e  3. 

TABLE 3 

NUCLEAR FUELS 

F e r t i l e  

Thorium 232 
Uranium 238 

The n a t u r a l l y  o c c u r r i n g  n u c l e a r  f u e l s  a r e  t h o r i u m ,  uran ium 238 a n d  uranium 235. 
Thus ,  of t h e  f i s s i l e  i s o t o p e s ,  o n l y  U235 is  n a t u r a l l y  o c c u r r i n g ,  found i n  concen t r a -  
t i o n s  of 0 .711  w t . %  i n  n a t u r a l  uranium. The o t h e r  two f i s s i l e  i s o t o p e s ,  U233 and 
p lu ton ium ( i s o t o p e s  239, 240, 241 and 242) a r e  produced  th rough  t h e  c a p t u r e  of a 
n e u t r o n  by tho r ium and uranium 238, r e s p e c t i v e l y .  The t echno logy  of t h e  U235 - 
U238 f u e l  sys tem i s  b e t t e r  e s t a b l i s h e d  t h a n  t h a t  of o t h e r  sys t ems .  Ex tens ive  f u e l  
c y c l e  development i s  i n  p r o g r e s s  on t h e  p lu tonium-uranium and t h e  U233 - U235 - t ho r ium 
sys t ems .  S t u d i e s  a r e  i n  p r o g r e s s  on o t h e r  combina t ions  of f i s s i l e / f e r t i l e  s p e c i e s .  

Under c e r t a i n  c o n d i t i o n s ,  i t  is  p o s s i b l e  t o  produce  more f i s s i l e  i s o t o p e  t h a n  i s  
consumed. T h i s  o c c u r s  when s u f f i c i e n t  e x c e s s  n e u t r o n s  r e l e a s e d  d u r i n g  f i s s i o n  a r e  cap- 
t u r e d  i n  a f e r t i l e  i s o t o p e ,  c o n v e r t i n g  it t o  f i s s i l e .  Such a p r o c e s s  i s  r e f e r r e d  t o  a s  
"breeding" .  A l l  r e a c t o r s  a r e  i n h e r e n t l y  c a p a b l e  of c o n v e r t i n g  f e r t i l e  m a t e r i a l  
t o  f i s s i l e .  The e x t e n t  t o  which t h e y  do t h i s  depends on a number of f a c t o r s .  These  
i n c l u d e  t h e  c o n c e n t r a t i o n  of t h e  f i s s i l e  and f e r t i l e  i s o t o p e s ,  t h e  number of 
n e u t r o n s  r e l e a s e d  p e r  f i s s i o n  ( a  f u n c t i o n  of t h e  i s o t o p e  and t h e  i n c i d e n t  n e u t r o n  
e n e r g y ) ,  and  t h e  p r o b a b i l i t y  of the neu t ron  r e l e a s e d  by f i s s i o n  b e i n g  c a p t u r e d  by 
a f e r t i l e  i s o t o p e  r a t h e r  t h a n  be ing  l o s t  t h r o u g h  l eakage  o r  c a p t u r e  i n  non-fue l  
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m t e r i a l s .  I f  t h e  above c o n d i t i o n s  a r e  f a v o r a b l e ,  t h e  r e a c t o r  can  produce  mcre f i s s i l e  
i s o t o p e s t h a n  i t  consumes. I f  t h e  above c o n d i t i o n s  a r e  less f a v o r a b l e ,  t h e  r e a c t o r  wit! 
s t i l l  r e g e n e r a t e  a c e r t a i n  f r a c t i o n  o f  t h e  f i s s i l e  i s o t o p e  consumpt ion .  

F i g u r e  1 i n d i c a t e s  t h e  o v e r a l l  f l o w s h e e t  f o r  a s l i k h t l y  e n r i c h e d  uranium f u e l e d  conirerLT-: 
r e a c t o r  w i t h  p lu ton ium r e c y c l e .  (See  F i g u r e  1, end  of t e x t ) .  

Mass and Energy Ba lances  - R e a c t o r  

F i g u r e  2 i n d i c a t e s  a mass and  ene rgy  ba lance  o f  a s i n g l e  i r r a d i a t i o n  c y c l e  of  a p r e s -  
s u r i z e d  l i g h t  w a t e r  r e a c t o r ,  t y p i c a l  :of some l a r g e  p l a n t s  c u r r e n t l y  unde r  c o n s t r u c t i o n .  
(See  F i g u r e  2 ,  end  of t e x t ) .  

Fo r  t h i s  p a r t i c u l a r  example ,  t h e  h e a t  was  produced  from t h e  v a r i o u s  i s o t o p e s  a s  fo l lows :  

TABLE 4 

D i s t r i b u t i o n  of H e a t  P r o d u c t i o n  by I s o t o p e  

I s o t  ope 

U235 
U238 
P l u  t onium 

70 of Heat  Produced  

60 
5 

35 
100  
- 

The c o n v e r s i o n  r a t i o ,  grams f i s s i l e  produced  p e r  gram f i s s i l e  consumed is 0.62, 

Thus ,  i n  consuming 3 0 . 3  grams of f i s s i l e  m a t e r i a l  by n e u t r o n  a b s o r p t i o n  (25 .7  grams of 
which f i s s i o n e d ) ,  18.1 grams o f  new f i s s i l e  material  was produced .  

On a n  i n p u t - o u t p u t  b a s i s ,  30 grams of f i s s i l e  m a t e r i a l  was f e d  t o  t h e  r e a c t o r ,  25.7 
grams of material was f i s s i o n e d  and 1 9 . 1  grams of f i s s i l e  m a t e r i a l  was d i s c h a r g e d .  

Mass a n d  Energy  Balance - Nuclea r  Sys tem 

In p r o v i d i n g  t h e  U235 f o r  t h e  r e a c t o r  f e e d ,  t h e  sys t em f low s h e e t  f o r  t h i s  example 
looks abou t  a s  shown i n  F i g u r e  3 (See  t h i s  F i g u r e  a t  end of t ex t ) .  

Thus ,  i n  t h i s  example ,  4 .1  Kg of f r e s h  n a t u r a l  u ran ium is r e q u i r e d  t o  r e p l e n i s h  t h e  
U235 consumed i n  each  Kg o f  f u e l  t h roughpu t  of t h e  r e a c t o r .  I f  t h e  p lu ton ium were 
r e c y c l e d ,  t h e  f r e s h  n a t u r a l  u ran ium requ i r emen t  would d rop  t o  a round 2.4 Kg. Under 
t h i s  r e c y c l e  c o n d i t i o n  bhe mass ba lance  i n d i c a t e s  t h a t  of t h e  t o t a l  n a t u r a l  uranium 
f e d t o  t h e  uran ium e n r i c h i n g  p l a n t ,  abou t  1.1% of it a c t u a l l y  i s  f i s s i o n e d ,  most of 
t h e  o t h e r  98.9% end ing  up i n  t h e  e n r i c h i n g  p l a n t  t a i l s  stream. T h i s  i s  one r e a s o n '  
why we are work ing  on advanced  c o n v e r t e r s  and b r e e d e r s  - t o  i n c r e a s e  t h e  f r a c t i o n  of 
mined uranium t h a t  i s  f i s s i o n e d .  P l e a s e  no te  however t h a t  t h e  98.9% t h a t  i s  c u r r e n t l y  
@ e t  a s i d e  i s  n o t  l o s t .  I t  c a n  b e  r e i n t r o d u c e d  t o  t h e  sys tem a t  some f u t u r e  d a t e  as a 
f u e l  f o r  b r e e d e r  r e a c t o r s .  

1 d o n ' t  wish  t o  l eave  t h e  i d e a  w i t h  you t h a t  i n  t h e  above c a s e  example,  t h e r e  was not  
0 q i g n i f i c a n t  q u a n t i t y  of h e a t  r e l e a s e d .  
QQQ m i l l i o n  BTU p e r  pound o f .  u ran ium cha rged  t o  t h e  r e a c t o r .  

The 24 MWD/KgU cor re sponds  w i t h  r e l e a s i n g  



11. METHODOLOGY OF COMPUTING ENERGY COSTS 

The fo l lowing  d i s c u s s i o n  is  n o t  i n t e n d e d  a s  a comple t e  t r e a t i s e  on computing n u c l e a r  
ene rgy  c o s t s ,  b u t  r a t h e r ,  it h i g h l i g h t s  t h e  method employed i n  t h i s  pape r .  

C a p i t a l  C o s t s  

The c a p i t a l  c o s t s  set f o r t h  i n  t h i s  pape r  a r e  i n t e n d e d  t o  r e p r e s e n t  t h e  t o t a l  c o s t  
of a c q u i r i n g  an o p e r a b l e  p l a n t  t o  a t y p i c a l  p r i v a t e  u t i l i t y  company. These  c o s t s  
i n c l u d e  p l a n t  equipment r e q u i r e d  th rough  bhe p o i n t  of s u p p l y i n g  e l e c t r i c  p o w r  t o  
t h e  m a i n  t r a n s f o r m e r  bu t  e x l u d e  t h e  t r a n s f o r m e r  c o s t  and equipment  beyond t h e  t r a n s -  
fo rmer .  T h i s  t o t a l  c o s t  i n c l u d e s  t h e  d i r e c t  c o n s t r u c t i o n  c o s t  of t h e  n u c l e a r  p l a n t  
and i n c l u d e s  i n d i r e c t  c o s t s  such  a s  g e n e r a l  and a d m i n i s t r a t i v e  expenses ,  a r c h i t e c t  
e n g i n e e r  and n u c l e a r  e n g i n e e r i n g  f e e s ,  p l a n t  s t a r t u p  c o s t ,  c o n t i n g e n c i e s ,  e s c a l a t i o n ,  
t a x e s ,  and i n t e r e s t  d u r i n g  c o n s t r u c t i o n .  These  i n d i r e c t  c o s t s  g e n e r a l l y  amount t o  
25 t o  40% of t h e  d i r e c t  c o n s t r u c t i o n  c o s t s .  

Fue l  Cos t  
T h e i d u a l  i t ems  i d e n t i f i e d  in a s t a n d a r d  f u e l  c o s t  p r e s e n t a t i o n  a r e  g e n e r a l l y  a s  
f 01 1 ows : 

TABLE 5 
Nuclea r  Fue l  Cos t  

D i r e c t  Charges  

F a b r i c e  t i o n  xx 
Uranium Consumption xx 
Spen t  F u e l  Recovery (Chem. P r o c e s s i n g  & S h i p p i n g )  XX 
Plu tonium o r  U233 C r e d i t  (xx) 
Uranium Use Charge (if a p p l i c a b l e )  xx 

S u b t o t a l ,  Direct xx 
Fixed  Cha r g e s  

Working C a p i t a l  

T o t a l  F u e l  Cos t  

Most of t h e  f u e l  c o s t s  g i v e n  i n  t h i s  p a p e r  a r e  f o r  t h e  c o n d i t i o n  where t h e  n u c l e a r  f u e l  
m a t e r i a l  i s  p r i v a t e l y  owned. Fo r  p r i v a t e l y  owned f u e l ,  t h e  i t e m  l a b e l e d  'Working C a p i t a l " ,  
i n c l u d e s  t h e  inves tmen t  c h a r g e s  i n  t h e  f u e l  m a t e r i a l s ,  and t h e  uran ium u s e  c h a r g e  e n t r y  i s  
no t  u sed .  

In a d d i t i o n ,  it i n c l u d e s  o t h e r  i nves tmen t s  i n  t h e  f u e l  c y c l e ,  based  on a c a s h  f low 
a n a l y s i s  and assuming t h a t  f i x e d  c h a r g e s  on t h e  f u e l  c y c l e  inves tmen t  a r e  lO%/year 
on t h e  n e t  i nves tmen t .  A more comple te  d i s c u s s i o n  of f u e l  c o s t i n g  methodology i s  
c o n t a i n e d  i n  a p a p e r  I p r e s e n t e d  a t  t h e  T h i r d  U n i t e d  N a t i o n s  I n t e r n a t i o n a l  Conference  
on t h e  P e a c e f u l  Uses of Atomic Energy, Geneva, S w i t z e r l a n d ,  Augus t  31 - September  9 ,  1964,  
pape r  A/CONF. 28/P/247. 

O o e r a t i o n ,  Main tenance  and  I n s u r a n c e  

O p e r a t i o n  and main tenance  c o s t s  a r e  based  on e s t i m a t e s  of manpower, s u p p l i e s  and  m a t e r i a l s  
r e q u i r e d  t o  o p e r a t e  t h e  r e a c t o r .  
l i a b i l i t y  i n s u r a n c e  a t  a premium of $260,00O/year p l u s  $500 m i l l i o n  f e d e r a l  indemni ty  a t  
a premium $30 p e r  t he rma l  megawatt p e r  y e a r .  

I n s u r a n c e  c o s t s  a r e  based  on $60 m i l l i o n  of t h i r d  p a r t y  
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Fixed  Charge  R a t e  

p l a n t  c a p i t a l  i nves tmen t  i s  cha rged  a g a i n s t  e l e c t r i c i t y  g e n e r a t i o n  th rough  the  use  of a n  
annual  f i x e d  cha rge  r a t e .  F o r  example ,  t h e  c a p i t a l  c o s t  i n  d o l l a r s  i s  m u l t i p l i e d  by the  
f i x e d  c h a r g e  r a t e  i n  %/year t o  g i v e  d o l l a r s  p e r  y e a r .  D i v i d i n g  t h i s  by t h e  KWH produced 
p e r  y e a r  and c o n v e r t i n g  d o l l a r s  t o  m i l l s ,  one g e t s  t h e  c a p i t a l  c h a r g e s  i n  M/KWH. 

The annua l  f i x e d  cha rge  r a t e  v a r i e s  from one u t i l i t y  t o  a n o t h e r .  For i n v e s t o r  owned 
u t i l i t i e s  it g e n e r a l l y  runs  be tween 10 and 15%/year .  F o r  p u b l i c  u t i l i t i e s  and coopera-  
t i v e s ,  it runs  a round 7%/year.  

C a p a c i t y  F a c t o r  

The p l a n t  c a p a c i t y  f a c t o r  i s  t h e  a c t u a l  KWH p r o d u c t i o n  o v e r  a p e r i o d  of t i m e  d i v i d e d  
by t h e  KWH p r o d u c t i o n  t h a t  would have o c c u r r e d  i f  t h e  p l a n t - h a d  o p e r a t e d  100% of t h e  
t i m e  a t  i t s  r a t e d  c a p a c i t y ;  u s u a l l y  e x p r e s s e d  a s  a p e r c e n t a g e .  

Nuc lea r  e l e c t r i c  p l a n t s  have low i n c r e m e n t a l  o p e r a t i n g  c o s t s  which f a v o r s  o p e r a t i n g  
them a s  b a s e  l o a d  p l a n t s .  I n  t h i s  p a p e r ,  a n  80% c a p a c i t y  f a c t o r  i s  g e n e r a l l y  used i n  
t h e  economic computa t ions .  

T o t a l  G e n e r a t i n g  C o s t  

The t o t a l  e n e r g y  c o s t  i s  t h u s  made up  a s  f o l l o w s :  

TABLE 6 

T o t a l  G e n e r a t i n g  Cos t  

C a p i t a l  Charges  

P l a n t  
Fue l  Working C a p i t a l  

Fue 1 - 

xx 
xx 
XX 

O p e r a t i o n ,  Main tenance  and I n s u r a n c e  XX 
T o t a l  xx 

111. SPECIFIC ECONOMIC ESTIMATES 

T h i s  s e c t i o n  d e a l s  w i t h  t h e  e s t i m a t e d  economic p e r f o r n a n c e  of s e v e r a l  t y p e s  of nuc lea r  
e l e c t r i c  p l a n t s .  These i n c l u d e :  

TABLE 7 

R e a c t o r  Types  Inc luded  

. L i g h t  Water Cooled and  Modera t ed ,  P roduc ing  S a t u r a t e d  S team (LWR) . Heavy Water Moderated,  Organ ic  Cooled (HWOCR) 
High Tempera ture  Gas  C o o l e d ,  G r a p h i t e  Moderated (HTGR) 
Sodium Cooled F a s t  B r e e d e r  Reac to r  (FBR) 
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\ 

For  t h e  l i g h t  w a t e r  r e a c t o r s ,  d a t a  on c a p i t a l  c o s t s  is i n c l u d e d  i n  t h e  d i s c u s s i o n .  For  
t h e  o t h e r  r e a c t o r s ,  t h e  d i s c u s s i o n  i s  l i m i t e d  t o  f u e l  c o s t s .  

A .  LIGHT WATER REACTORS 

A s  i n d i c a t e d  e a r l i e r ,  most of ou r  o p e r a t i n g  e x p e r i e n c e  w i t h  n u c l e a r  e l e c t r i c  p l a n t s  
i s  w i t h  t h e  l i g h t  w a t e r  r e a c t o r s  - b o i l i n g  and p r e s s u r i z e d .  The t e c h n o l o g y  i s  t o  
t h e  p o i n t  where m a n u f a c t u r e r s  a r e  making f i x e d  p r i c e  c o n t r a c t s  w i t h  w a r r a n t e d  p l a n t  
and f u e l  per formance  a v a i l a b l e  t o  u t i l i t y  cus tomers .  

1 .  . C a p i t a l  Cos t s  

The c a p i t a l  c o s t  of s t e a m - e l e c t r i c  p l a n t s ,  whether  t h e y  use  f o s s i l  o r  n u c l e a r  f u e l s ,  
v a r i e s  s i g n i f i c a n t l y  th roughou t  t h e  c o u n t r y .  While t h e  s i z e  of t h e  p l a n t  i s  i m p o r t a n t ,  
t h e r e  a r e  many o t h e r  f a c t o r s  which  a f f e c t  t h e  c a p i t a l  c o s t .  Foremost  among t h e s e  a r e  
t h e  l o c a l  s i t e  and l a b o r  c o n d i t i o n s  ( i n c l u d i n g  w e a t h e r  c o n s i d e r a t i o n s )  and t h e  p l a n t  
s p e c i f i c a t i o n s  d e s i r e d  by t h e  i n d i v i d u a l  cus tomer .  These  and  o t h e r  lesser f a c t o r s  
g i v e  r i s e  t o  s u b s t a n t i a l  d i f f e r e n c e s  i n  c a p i t a l  c o s t  of e l e c t r i c  p l a n t s .  I t  i s  
i m p o r t a n t  t h a t  one a p p r e c i a t e s  t h a t  t h e s e  d i f f e r e n c e s  e x i s t .  N e v e r t h e l e s s , ,  S p e c i f i c .  1.: 
p l a n t  c a p i t a l  c o s t  d a t a  a r e  of i n t e r e s t  and i f  t h e r e  a r e  a n  a d e q u a t e  number of d a t a  
p o i n t s  one can  g a i n  a n  i n s i g h t  of t h e  c o s t  s i t u a t i o n .  

C o s t  d a t a  f o r  a number of l i g h t  wa te r  n u c l e a r  e l e c t r i c  p l a n t s  a r e  shown i n  F i g u r e  b .  
(See  t h i s  f i g u r e  a t  end of t e x t )  The o r d i n a t e  i s  t h e  u n i t  c a p i t a l  c o s t  i n  $/KW ( n e t )  
and t h e  a b s i c c a  i s  t h e  s t a t i o n  s i z e .  The d a t e  of comple t ion  ( c r i t i c a l i t y )  of  each  
p l a n t  is. i n  p a r e n t h e s i s .  Two p o i n t s  a r e  i n d i c a t e d  f o r  e a c h  p l a n t ,  t h e  p o i n t s  be ing  
i n t e r c o n n e c t e d  by a s t r a i g h t  l i n e .  The uppe r  p o i n t  is t h e  u n i t  c o s t  of t h e  i n i t i a l  
w a r r a n t e d  p l a n t  r a t i n g .  The lower  p o i n t  is f o r  t h e  expec ted  r a t i n g  ( o r  s t r e t c h  r a t i n g ) .  
A . f ew words r e g a r d i n g  t h i s  o v e r c a p a c i t y  o r  s t r e t c h  a r e  i n  o r d e r ,  
no t  y e t  a g r e a t  d e a l  of e x p e r i e n c e  w i t h  n u c l e a r  power p i a n t  d e s i g n  and o p e r a t i o n ,  
t h e  r e a c t o r  manufac tu re r s  a r e  d e l i b e r a t e l y  c o n s e r v a t i v e  i n  s e l e c t i n g  t h e  v a l u e s  
of t h e  i n d i v i d u a l  l i m i t i n g  c o n d i t i o n s  which go ' i n t o  d e t e r m i n i n g  a p l a n t s  c a p a c i t y .  
A f t e r  t h e  p l a n t  i s  p l a c e d  i n t o  o p e r a t i o n ,  t h e  p l a n t  o p e r a t o r  can  s e t  about  a c t u a l l y  
e s t a b l i s h i n g  t h e  p l a n t s  c a p a b i l i t y .  The ove r -capac i ty  t h a t  c a n  be r e a l i z e d  w i l l  
depend on s e v e r a l  f a c t o r s  i n c l u d i n g  t h e  amount of c o n s e r v a t i s m  i n c o r p o r a t e d  i n  
t h e  r e a c t o r  co re  d e s i g n ,  t h e  d e s i g n  v e r s u s  w a r r a n t e d  o u t p u t  and  t h e  c a p a b i l i t y  of 
t h e  steam p i p i n g  and t u r b i n e  g e n e r a t o r  sys t em.  The p i p i n g  and t u r b i n e  g e n e r a t o r  
sys t em can  be c l o s e l y  des igned  t o  meet a c e r t a i n  d e s i g n  c a p a b i l i t y .  I t  i s  t h e  
n u c l e a r  r e a c t o r  p o r t i o n  of t h e  p l a n t  where t h e  d e s i g n  c o n s e r v a t i s m s  a r e  i n c o r p o r a t e d .  
Hence, i n  many p l a n t s  now under  c o n s t r u c t i o n ,  t h e  p i p i n g  and t u r b i n e  , g e n e r a t o r  s i d e  
of t h e  p l a n t  i s  b e i n g  des igned  f o r  h i g h e r  power c a p a b i l i t y  t h a n  t h e  war ran ted  r e a c t o r  
r a t i n g .  

S i n c e  t h e r e  i s  

.The  d o t t e d  l i n e  on t h i s  s l i d e  i s  based o n  t h e  p r i c e  l i s t  p u b l i s h e d  i n  t h e  f a l l  of 
1964 by a l a r g e  manufac tu re r  of b o i l i n g  w a t e r  r e a c t o r s .  These  c o s t s  a r e  based on 
a t u r n k e y  b u i l t  p l a n t  and I ' v e  added 20% t o  t h e  p u b l i s h e d  t u r n k e y  p r i c e  t o  a l l o w  
f o r  cus tomer  c o s t s .  The cus tomer  c o s t s  g e n e r a l l y  r u n  less t h a n  20%. 

O y s t e r  Creek - C a p i t a l  Cos t  

The v e r y  d e t a i l e d  a n a l y s i s  p u b l i s h e d  i n  1964 by the  J e r s e y  C e n t r a l  Power and L i g h t  
Company for t h e i r  Oys te r  Creek  Nuc lea r  S t a t i o n  has  a t t r a c t e d  a l o t  of a t t e n t i o n ,  
b o t h  i n  and o u t  of t h e  n u c l e a r  i n d u s t r y .  To my knowledge, t h i s  i s  t h e  most compre- 
h e n s i v e  a n a l y s i s  of t h e  e x p e c t e d  economic pe r fo rmance  Of a n u c l e a r  p l a n t  over  a 

V 
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30 y e a r  l i f e  e v e r  p u b l i s h e d .  
and o p e r a t i o n a l  p a r a m e t e r s  were  c h a n g i n g  w i t h  t i m e ,  t o  r e f l e c t  w h a t  t h e s e  peop le  a n t i c i p a t e d  
f o r  t h e  f u t u r e .  The s a l i e n t  c a p i t a l  c o s t  d a t a  f o r  t h i s  p l a n t  a r e  g iven  i n  Table  8.  

The a n a l y s i s  was v e r y  d e t a i l e d  and most of t h e  i n p u t  economic 

TABLE 8 

OYSTER CREEK NUCLEAR STATION 

CAPITAL COST DATA 

S i n g l e  c y c l e  b o i l i n g  w a t e r  r e a c t o r  

Turnkey  b u i l t  p l a n t  

T o t a l  c a p i t a l  c o s t ,  i n c l u d i n g  cus tomer  c o s t s  bu t  e x c l u d i n g  
e s c a l a t i o n :  $66.4 m i l l i o n  ($58 .5  m i l l i o n  e x c l u d i n g  
cus tomer  c o s t s )  

P l a n t  Ra t ing :  

I n i t i a l  g u a r a n t e e d .  . . . . . . . . . . . .  515 MW ( n e t )  
Expec ted .  . . . . . . . . . . . . . . . . .  640 MW ( n e t )  

U n i t  C a p i t a l  C o s t :  

A t  I n i t i a l  R a t i n g  . . . . . . . . . . . .  .$129/KW ( n e t )  
A t  Expec ted  R a t i n g .  . . . . . . . . . . .  .$104/KW ( n e t )  

2,. Fue l  C o s t s  

Fue l  c o s t s  i n  a nuc lea r  e l e c t r i c  p l a n t  d e c l i n e  w i t h  time. T h i s  i s  due t o  s e v e r a l  
f a c t o r s .  F i r s t  of a l l ,  t h e  i n i t i a l  c o r e  l o a d i n g  of a r e a c t o r  i s  u s u a l l y  d e s i g n e d  
f o r  a lower  g o a l  exposure  t h a n  is t h e  r ep lacemen t  f u e l .  T h i s  i s  due t o  l imi t s  on 
h o l d i n g  down i n i t i a l  r e a c t i v i t y .  The o t h e r  r e a s o n  is  t h a t  t h e  c o s t  of t h e  manufac tur ing  
o p e r a t i o n s  w i l l  d e c l i n e  w i t h  time - p a r t l y  due t o  t e c h n o l o g i c  improvement and p a r t l y  
due t o  i n c r e a s e d  volume of b u s i n e s s  ment ioned  e a r l i e r .  R e c e n t l y  t h e  Atomic Energy 
A c t  was r e v i s e d  a t  t h e  r e q u e s t  of t h e  AEC t o  p e r m i t  p r i v a t e  ownersh ip  of n u c l e a r  
f u e l s .  P r i o r  t o  t h i s  l e g i s l a t i o n ,  ownersh ip  of t h e  f u e l  was r e t a i n e d  by t h e  govern- 
ment and it was l eased  t o  c u s t o m e r s .  C a r r y i n g  c h a r g e s  on l e a s e d  m a t e r i a l  ( u s u a l l y  
c a l l e d  "use cha rges" )  a r e  a t  t h e  r a t e  of 4-3/4%/year on t h e  v a l u e  of t h e  m a t e r i a l  
on hand. 

Wi th  t h e  new l e g i s l a t i o n ,  e n r i c h e d  uranium can  now be e i t h e r  l e a s e d  o r  pu rchased  
and a f t e r  1972 ,  must be p u r c h a s e d .  Fo r  r e a c t o r  o p e r a t o r s ,  t h e  new l e g i s l a t i o n  
i n c l u d e s  t h e  f o l l o w i n g  i m p o r t a n t  m i l e s t o n e s .  A s  of J anua ry  1 ,  1969,  t h e  Commission 
w i l l  p r o v i d e  a uranium e n r i c h i n g  s e r v i c e  ( f u e l  e n r i c h e d  th rough  t h i s  s e r v i c e  ., 
would be p r i v a t e l y  owned). A s  of Jan.  1 ,  1971,  no a d d i t i o n a l  e n r i c h e d  uranium 
w i l l  be d i s t r i b u t e d  by t h e  government by l e a s e ,  A l s o ,  a s  of J u l y  1 ,  1971, t h e  

1973,  a l l  m a t e r i a l  o u t  on l e a s e  must be pu rchased .  
. g u a r a n t e e d  p u r c h a s e  of p l u t o n i u m  by t h e  government w i l l  t e r m i n a t e .  A s  of J anua ry  1 ,  

Near Term F u e l  C o s t s  

The t y p i c a l  t e c h n i c a l  and economic b a s e s  and e s t i m a t e d  nea r - t e rm f u e l  c o s t  of a l i g h t  
w a t e r  r e a c t o r  is g iven  i n  T a b l e s  9 - 11. The d a t a  used  a r e  i n t e n d e d  t o  a p p l y  t o  a 
n u c l e a r  e l e c t r i c  p l a n t  t h a t  c o u l d  become o p e r a t i o n a l  around 1968-1969. 
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TABLE 9 

T e c h n i c a l  Bases  f o r  Fue l  Cos t  

Large  L i g h t  Water Reac to r  

(Heat  Rate  10 ,900  BTU/net KWH) 

I n i t i a l  e n r i c h m e n t ,  % U235 
Discha rge  e n r i c h m e n t ,  % U235 
Kg uranium d i s c h a r g e d  p e r  Kg U charged  
P lu ton ium d i s c h a r g e d ,  grams p e r  i n i t i a l  KgU 

T o t a l  Pu 
F i s s i l e  Pu 

MWD/KgU 
M i l l i o n s  of BTU/KgU 
Net eMWH/KgU 

Fue l  Exposure  

Fue l  S D e c i f i c  Power.  Thermal MWhfl’U 

1st Core Replacement Fue l  
2 . 0  2 . 4  
0 . 8 3  0 . 8 5  
0 .976  0.969 

6 . 3  7 . 3  
4 . 4  4 .9  

16;5  2 2 . 0  
1350 1800 

124 ’ 165 
1 5 . 5  1 8 . 5  

Average Fue l  Res idence  t i m e  i n  Core ,  F u l l  power y e a r s  2 . 9  3 . 3  

NOTE: U is uranium,  WD i s  the rma l  megawatt days  of e n e r g y ,  MTU i s  
m e t r i c  t o n s  uranium and eMWH i s  e l e c t r i c  megawatt h o u r s .  

TABLE 10 

Economic Assumptions f o r  Fue l  Cos t  

Large L i g h t  Water Reac to r  

-3-- - e-.” - 
1st Core E a r l y  

Replacement 
Average Fue 1 

F a b r i c a t i o n  P r i c e  $/KgU 
P o s t  I r r a d i a t i o n  S h i p p i n g  $/KgU 
N a t u r a l  Uranium P r i c e ,  $ / l b  U308 
S e p a r a t i v e  Work C o s t ,  $/KgU 
Cascade T a i l s  Assay ,  YO 7235 

Chemical P r o c e s s i n g ,  $/KgU 
Ex-core Inven to ry  Holdup Time, Years  
Uranium C a r r y i n g  Charges ,  %/year  
Working C a p i t a l  Cha rges ,  %/year 
P l a n t  C a p a c i t y  F a c t o r ,  % 

Pu C r e d i t ,  $/g f i s s i l e  - / 

100 
6 
8 

30 
0 . 2 5 3  
9 

38 
1 

10 
80 

4-3/4 

85  
6 
6 

30 
0 . 2 8 1  
9 

38 
1 

10  
10 
80  

L/ $9/gram is used i n  bo th  columns s i n c e  t h i s  is  t h e  e s t i m a t e d  f u e l  v a l u e  w i t h  
U308 p r i c e d  a t  $6 / lb .  I n  t h i s  c o n n e c t i o n ,  most of t h e  p lu ton ium produced by the  
f i r s t  co re  i s  n o t  d i s c h a r g e d  u n t i l  a f t e r  t he  assumed change i n  e n r i c h e d  uranium 
p r i c e s .  
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TABLE 11 

FUEL COST 

La rge  L i g h t  Wate r  Reac to r  

80% C a p a c i t y  F a c t o r  

C e n t s  p e r  m i l l i o n  BTU M i l l s  p e r  n e t  KWH 
lat Core  Replacement 1st Core Replacement 

D i r e c t  Charges  

F a b r i c a t i o n  7 . 4  4 . 7  
Uranium Consumption 8 . 5  7 .6  
S p e n t  F u e l  Recovery 3 . 3  2 . 4  
P lu ton ium C r e d i t  ( 2 . 9 )  ( 2 . 4 )  
Uranium Use Charge 2 

Sub- t  o t a l  1 7 . 7  1 2 . 3  
- - 

.81 .52 

.92 .83  

.35  * 2 7  
c . 3 2 )  c . 2 7 )  

.16  
1 . 9 2  1 . 3 5  

- - - 
F i x e d  Charges  

, 4 3  9 - 1 . 6  - 4 . 0  .18 Working C a p i t a l  - 
T o t a l  F u e l  Cost 1 9 . 3  1 6 . 3  2 .10  1.78 

9 F o r  t h e  r ep lacemen t  f u e l ,  t h e  working  c a p i t a l  c h a r g e s  a r e  a l l o c a t e d  a s  

M/MJH 

F a b r i c a t i o n  0 .13  
Uranium Consumption 0.30 
Spen t  f u e l  r ecove ry  (0 .07 )  

0.07 Plu ton ium C r e d i t  
0 . 4 3  

f 01 lows: 

- 
3 .  O p e r a t i o n ,  Main tenance ,  and  I n s u r a n c e  Cos t  

F o r  a 1 , 0 0 0  MW s i n g l e  u n i t  n u c l e a r  e l e c t r i c  p l a n t ,  t h e  annua l  o p e r a t i o n  
and ma in tenance  c o s t  i s  a r o u n d  $1 .6  m i l l i o n .  T h i s  i n c l u d e s  a t o t a l  o p e r a t i n g  
s t a f f  of a round 75. The n u c l e a r  i n s u r a n c e  would r u n  someth ing  l e s s  t h a n  $360,00O/year 

F o r  a n  80% p l a n t  c a p a c i t y  f a c t o r ,  t h e s e  two i t e m s  amount t o :  

0 +M 0 . 2 3  
0 .05  Ins. - - 

O+M+I  0 . 2 8  M / K W H  

4.  T o t a l  G e n e r a t i n g  Cos t  

The t o t a l  g e n e r a t i n g  c o s t  of a t y p i c a l  1000 MW l i g h t  w a t e r  r e a c t o r ,  based  on t h ?  
d a t a  p r e s e n t e d  above ,  would run  a b o u t  a s  shown i n  T a b l e  1 2 .  These  Cos t s  a r e  
r e p r e s e n t a t i v e  of what one migh t  e x p e c t  of  t h e  e a r l y  y e a r s  of o p e r a t i o n  of a l i g h t  
w a t e r  r e a c t o r  e n t e r i n g  s e r v i c e  i n  t h e  l a t e  s i x t i e s .  I t  shou ld  be noted  however,  
t h a t  t h e s e  c o s t s  have n o t  y e t  been  demons t r a t ed  and i t  w i l l  be s e v e r a l  y e a r s  b e f o r e  
we have t h e  f a c t s  a t  hand t o  c l e a r l y  back  up t h e s e  e x p e c t a t i o n s .  

I 

1 
c 

I 
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TABLE 12 

TOTAL GENERATING COST 

1000 MW LIGHT WATER REACTOR NUCLEAR ELECTRIC PLANT 
( a f t e r  s e v e r a l  y e a r s  o p e r a t i o n )  

80% C.F. 

C a p i t a l  Charges  

P l a n t  (@ 12%/yr . )  

F u e l  (@ 10%/yr.). 

F u e l  - 

Oper.  Main t .  & I n s .  

T o t a l  

120 1 4 . 4  - 2.06 

29 3.0 - 0.43 

- - 12.3 1.35 

NOTE: $/KW-Yr., C/106 BTU,  and M/KWH a r e  e q u i v a l e n t s ,  n o t  a d d i t i v e  

B. ADVANCED THERMAL REACTORS 

- Heavy Water Modera ted ,  Organic  Cooled - 

- High Tempera ture  Gas Cooled  - 

These two r e a c t o r  c o n c e p t s  have  t h e  c a p a b i l i t y  of b r e e d i n g .  Fo r  t h e  p r e s e n t  and  n e a r  
term, t h e i r  o p e r a t i o n  w i l l  undoubredly  be opt imized  f o r  minimum g e n e r a t i n g  c o s t  and  t h i s  
w i l l  l e a d  t o  conve r s ion  r a t i o s  of l e s s  t h a n  u n i t y .  The c u r r e n t  AEC program i n c l u d e s  
p l a n s  t o  c o n s t r u c t  a p r o t o t y p e  tho r ium f u e l e d  h i g h  t e m p e r a t u r e  g a s  c o o l e d  r e a c t o r  and  
a uranium f u e l e d  heavy w a t e r  modera t ed ,  o r g a n i c  coo led  r e a c t o r .  Both  t h e s e  p r o t o t y p e s  
w i l l  p r o b a b l y  be a round 300 MW i n  s i z e .  The AEC a l s o  p l a n s  t o  c o n s t r u c t  a s eed  b l a n k e t  
r e a c t o r  p r o t o t y p e .  T h i s  p r o t o t y p e  i s  expec ted  t o  demons t r a t e  t h e  i n t e r e s t i n g  a b i l i t y  
t o  breed  i n  a l i g h t  w a t e r  r e a c t o r .  T h i s  r e a c t o r  concep t  i s  n o t  d i s c u s s e d  i n  t h i s  pape r  
s i n c e  it i s  o u t s i d e  my a r e a  of cognizance .  

The f u e l  c o s t  d a t a  p r e s e n t e d  below a r e  i d e a l i z e d  i n  t h e  s e n s e  t h a t  i t  is assumed t h a t  
f u e l  t h roughpu t  r a t e s  a r e  e q u i v a l e n t  t o  a n  i n s t a l l e d  c a p a c i t y  of 15,000 MW ( f o r  t h e  
pu rpose  of e s t i m a t i n g  p r o c e s s i q g  c h a r g e s )  A l s o ,  it is assumed t h a t  t h e  t echno logy  
p r e s e n t l y  unde r  development w i l l  be s u c c e s s f u l  and  t h a t  no  r e a l  b o t t l e n e c k s  a r e  en- 
coun te red .  S o  p l e a s e  bea r  i n  mind t h a t  t h e s e  c o s t  d a t a  a r e  estimates and t h e  t e c h n i c a l  
c h a r a c t e r i s t i c s  of t h e s e  r e a c t o r s  w i l l  no t  r e a l l y  be firmed-up u n t i l  t h e  p r o t o t y p e s  
have ope ra t ed .  A t  t h i s  p o i n t  i n  t i m e ,  t h e  f o l l o w i n g  d a t a  a r e  t o  be  c o n s i d e r e d  a s  
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b e i n g  s p e c u l a t i v e .  They i n d i c a t e  what i s  p o t e n t i a l l y  a t t a i n a b l e  i f  t h e  development 
programs a r e  l a r g e l y  s u c c e s s f u l ;  and  if each  r e a c t o r  sys t em i s  c o n s t r u c t e d  i n  l a r g e  
q u a n t i t y  such  a s  t o  r e a l i z e  l a r g e  annua l  f u e l  t h roughpu t  r a t e s .  

TABLE 13  

BASES FOR FUEL COST 

Large  Heavy W a t e r  Reac to r  (Organic  Moderated) 

(Uranium F u e l  Cycle  - S e l l  p lu ton ium)  

T e c h n i c a l  Bases  

I n i t i a l  en r i chmen t ,  % U23S. 1 . 2 0  

P lu ton ium d i s c h a r g e d ,  g f i s s i l e / K g U  4 

MWD/KgU 20 

D i s c h a r g e  e n r i c h m e n t ,  % U235 -0.05 

F u e l  Exposure 

l o 6  BTU/KgU 1640 
n e t  eMWH/KgU 158 

Net t h e r m a l  e f f i c i e n c y ,  % 33 
BTU/net KWH 10 340 

Fue l  S p e c i f i c  Power,  Thermal MWmU 24 
Fue l  r e s i d e n c e  t i m e  i n  r e a c t o r ,  f u l l  power y e a r s  2 . 2  
Ref ue 1 i n g  On- l ine  

1 Economic Bases  -/ 

F a b r i c a t i o n ,  $/KgU 
N a t u r a l  Uranium, $ / l b  u308  
S e p a r a t i v e  w o r k ,  $/KgU 
S p e n t  f u e l  r ecove ry  
P lu ton ium c r e d i t ,  $ / f i s s i l e  qram 
Working C a p i t a l  C h a r g e s ,  %/year  
Ex-core i n v e n t o r y  h o l d u p ,  y e a r s  
P l a n t  c a p a c i t y  F a c t o r ,  % 
Annual  f u e l  t h r o u g h p u t ,  MlTJ/year 

40 
6 

30 
30 

9 
10 
1 

80 
( f o r  1 5 , 0 0 0  MW) 660 

ir 
i 

,.1 
I 

I 
, 

- 1/ F u e l  t h roughpu t  ra te  and u n i t  c o s t s  based  on 15 ,000  MW i n s t a l l e d  c a p a c i t y  

J 
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TABLE 14 

FUEL COST 

LARGE HEAVY WATER REACTOR NUCLEAR ELECTRIC PLANT 
( E q u i l i b r i u m  Cyc le )  

80% C .  F . 
C e n t s  per m i l l i o n  BTU Mills p e r  n e t  KWH 

D i r e c t  Charges  

F a b r i c a t i o n  
Uranium Consumption 
Spen t  F u e l  Recovery 
P lu ton ium C r e d i t  

S u b - t o t a l  

F ixed  Charges  

Working C a p i t a l  9 
T o t a l  Fue l  Cos t  

2 . 4  
3 . 4  
1.8 

( 2 . 2 )  
5 .4  

1 . 2  - 

0 . 2 5  
0.35 
0 . 1 9  

( 0 . 2 3 )  
0 . 5 6  

0 . 1 2  

6 . 6  0 . 6 8  

NOTE: Charges f o r  heavy w a t e r  ( inves tmen t  a'nd l o s s e s )  amount t o  about  1.9C/106 BTU 
o r  0 . 2  M/KWH. 
M/KWH. Thus t h e  f u e l  c s t  p l u s  s p e c i a l  c h a r g e s  on heavy w a t e r  and o r g a n i c  
amount t o  about  8.8C/lO BTU or 0 .91  MAW. 

Charges  f o r  o r g a n i c  makeup amount t o  abou t  1c/106 BTU o r  0 . 1  

8 

l~ The working  c a p i t a l  c h a r g e s  a r e  a l l o c a t e d  a s  f o l l o w s :  
M/KWH 

F a b r i c a t i o n  0 . 0 5  
Uranium Consumption 0 . 0 7  
Spent  f u e l  r ecove ry  (0 .04 )  
P lu ton ium C r e d i t  0 . 0 4  

0 .12  
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TABLE 15 

BASES FOR FUEL COST 

High Tempera tu re ,  Gas Cooled Reac to r  
(Thorium F u e l  Cycle  - r e c y c l e  U233) 

T e c h n i c a l  Bases 

I n i t i a l  e n r i c h m e n t ,  % U235 + U233 i n  U + Th 
D i s c h a r g e  e n r i c h m e n t ,  % U235 + U233 i n  U + Th 
Kg U + Th d i s c h a r g e d  p e r  Kg charged  
Fue 1 Exposure 

MWD/KgU + Th 
lo6 BTU/KgU + Th 
Net eMWH/KgU + Th 

BTU/net KWH 
Net Thermal e f f i c i e n c y ,  % 

F u e l  s p e c i f i c  power ,  t h e r m a l  MW/llTU + Th 
F u e l  r e s i d e n c e  t i m e  i n  r e a c t o r ,  f u l l  power y e a r s  
F r a c t i o n  of  c o r e  r e p l a c e d  p e r  r e f u e l i n g  

Economic Bases  9 
F a b r i c a t i o n ,  $/KgU + T h  
N a t u r a l  u ran ium,  $ / l b  U 3 O 8  
Thorium, $ / l b  ThOp 
S e p a r a t i v e  work ,  $/KgU 
S p e n t  f u e l  r e c o v e r y ,  $/KgU + Th 
U233 v a l u e ,  $/g U233 
Working c a p i t a l  c h a r g e s ,  %/year  
Ex-core i n v e n t o r y  h o l d u p ,  y e a r s  
P l a n t  c a p a c i t y  f a c t o r ,  % 

3.1 
2.5 
0.94 

' 52 
4260 

550 
44 

7760 
29 

5 
1 / 6  

110 
6 
5 

30 
110 
11 
10 
1 

80 
Annual  Fuel t h r o u g h p u t ,  MTU + Th/year ( f o r  15 ,000  MW)I!30 

l~ F u e l  t h roughpu t  r a t e  and u n i t  c o s t s  based  on 15,000 MW i n s t a l l e d  
c a p a c i t y .  
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TABLE 16 

FUEL COST 

LARGE HIGH TEMPERATURE GAS COOLED REACTOR NUCLEAR ELECTRIC PLANT 
( E q u i l i b r i u m  C y c l e )  

(80% C . F . )  
Cen t s  p e r  m i l l i o n  BTU M i l l s  p e r  n e t  KWH 

D i r e c t  Charges  

F a b r i c a t i o n  
Uranium Consumption 
Spent  Fue l  Recovery 

S u b - t o t a l  

F ixed  Charges  

Working C a p i t a l  9 

2 . 6  
1 . 8  
2 . 6  
7 . 0  
- 

5.0 - 

-20 
.14  
.20  
.54 
- 

.39  - 
T o t a l  F u e l  Cos t  1 2 . 0  . 9 3  

11 The working c a p i t a l  c h a r g e s  a r e  a l l o c a t e d  a s  f o l l o w s :  - 
M/KWH - 

F a b r i c a t i o n  0.07 
Uranium Consumption 0.39 
Spen t  Fue l  Recovery (0 .07 )  

0 . 3 9  

Accord ing  t o  t h e s e  d a t a ,  t h e  HWOCR h a s  a p r o j e c t e d  f u e l  c o s t  of abou t  0 . 7  M/KWH 
and t h e  HTGR about  0 . 9  M/KWH. The HWOCR h a s  some e x t r a  cha rges  f o r  heavy wa te r  
and makeup of o r g a n i c  c o o l a n t  d e g r a d a t i o n  t h a t  do  n o t  a p p l y  t o  t h e  HTGR. The sum 
of t h e s e  e x t r a  c h a r g e s  -- based  on  lO%/year i nves tmen t  c h a r g e s  on  heavy w a t e r ,  
0.5% heavy w a t e r  loss p e r  y e a r ,  o r g a n i c  makeup r a t e  of  4000 l b s .  p e r  eMW p e r  y e a r ;  
and c o s t s  of $20/ lb  heavy w a t e r  and 1 7  c e n t s  p e r  pound o r g a n i c  -- amount t o  0 . 2  M/KWH 
on t h e  heavy w a t e r  and  0 .1  M/KWH on t h e  o r g a n i c .  T h e r e f o r e , .  t he  sum of f u e l  c o s t  
p l u s  s p e c i a l  m a t e r i a l  cha rges  f o r  t h e  HWOCR i s  about  one M/KWH. Thus t h e  HWOCR and 
HTGR a r e  v e r y  c l o s e  t o g e t h e r  on t h e  b a s i s  of f u e l  c o s t  p l u s  s p e c i a l  m a t e r i a l  c h a r g e s .  

The l i g h t  w a t e r  r e a c t o r  d e s c r i b e d  p r e v i o u s l y ,  i f  e v a l u a t e d  on t h e  b a s i s  of comput ing  
f u e l  c y c l e  u n i t  c o s t s  a c c o r d i n g  t o  t h e  th roughpu t  r a t e  f o r  15 ,000  MW, has  a n  e s t i m a t e d  
f u e l  c o s t  ( d i r e c t  p l u s  f i x e d  c h a r g e s )  of 1 . 4  M/KWH. 

C .  FAST BREEDER REACTORS 

Most of t h e  e f f o r t  o n  h igh  g a i n  b r e e d e r  r e a c t o r s  c e n t e r s  a round t h e  sodium c o o l e d  
f a s t  b r e e d e r  r e a c t o r ,  f u e l e d  w i t h  p lu ton ium.  T h i s  r e a c t o r  o f f e r s  promise  of 
a t t a i n i n g  a r easonab ly  h i g h  b reed ing  g a i n  and a r e a s o n a b l y  s h o r t  d o u b l i n g  t i m e .  

I t  a p p e a r s  t h a t  f o r  many y e a r s  t o  come, t h e  r equ i r emen t  f o r  n a t u r a l  uranium mined 
f rom t h e  ground w i l l  be de t e rmined  by t h e  amount of f i s s i l e  m a t e r i a l  r e q u i r e d  f o r  
i n v e n t o r y  b u i l d u p  and f u e l  makeup. A h igh  g a i n  b r e e d e r  r e a c t o r  o f f e r s  t h e  i n t e r e s t i n g  
p r o s p e c t  of e v e n t u a l l y  making t h e  n u c l e a r  complex s e l f - s u f f i c i e n t  on f i s s i l e  m a t e r i a l  
a t  which t ime  t h e  sys tem can  be s u s t a i n e d  on t h e  f e r t i l e  f u e l s  - U238 and tho r ium.  
T h i s  w i l l  p e r m i t  u t i l i z a t i o n  of most of t h e  l a t e n t  ene rgy  of f i s s i o n  c o n t a i n e d  i n  ou r  
n u c l e a r  r e s o u r c e s .  
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The d e s i g n  c h a r a c t e r i s t i c s  of f a s t  b r e e d e r  r e a c t o r s  a r e  l e s s  w e l l  d e f i n e d  t h a n  t h e  
r e a c t o r s  p r e v i o u s l y  d i s c u s s e d ,  
been made s o  t h e r e  i s  some i n d i c a t i o n  of how t h e y  may pe r fo rm.  The f o l l o w i n g  t a b l e s  
p r o v i d e  p r e l i m i n a r y  e s t i m a t e s  of t h e  b a s e s  f o r  and r e s u l t i n g  f u e l  c o s t  of a f a s t  b reede r  
r e a c t o r .  

However, a number of c o n c e p t u a l  d e s i g n  s t u d i e s  have 

TABLE 1 7  

BASES FOR FUEL COST 

SODIUM COOLED FAST BREEDER REACTOR NUCLEAR ELECTRIC PLANT 
(1100 em n e t ,  44% n e t  t he rma l  e f f i c i e n c y )  

Core - 
T e c h n i c a l  Bases  

Power ,  t he rma l  NW 
I n i t i a l  Load ing ,  MllJ + Pu 
I n i t i a l  c o n c e n t r a t i o n ,  Kg f i s s i l e  Pu/Kg (U+Pu) i n  
MT(U+Pu) d i s c h a r g e d  p e r  MT(U+Pu) cha rged  
D i s c h a r g e  c o n c e n t r a t i o n ,  Kg f i s s i l e  Pu/Kg (U+Pu) o u t  
Fue l  Exposure ,  MWD/initial KgU+Pu 
F u e l  Res idence  Time, f u l l  power y e a r s  
F u e l  f r a c t i o n  r e p l a c e d  p e r  r e f u e l i n g  

Economic Bases 

2 170 
2 3 . 7  
0 .156  
0 .893  
0 .141  
100 
3 . 0  
1 /6 

B 1  a nke t 

Axia 1 Rad ia l  
35 295 
8 .0  57 .1  
0 0 
0 .995  0.992 
0.020 0.048 
4 . 8  7 .6  
3 .0  4 . 0  
1/6 . 1/8 

F a b r i c  a t  i o n , $/KgU +P u 
Spen t  f u e l  r e c o v e r y ,  $/KgU+Pu 
P l a n t  C a p a c i t y  f a c t o r  % 
Plu ton ium C r e d i t ,  $ / f i s s i l e  gram 
Working C a p i t a l  Cha rges ,  %/year  
Ex-core i n v e n t o r y  ho ldup ,  y e a r s  

190 
120 

190 50 
55 40 

TABLE 18 

FUEL COST 

SODIUM COOLED FAST BREEDER REACTOR 

Gore B lanke t  - -  T o t a l  - 

F a b r i c a t i o n  0 . 1 6  0 .12  
Pu Consumption 0 .27  (0.75) 

0 .28  
( 0 . 4 8 )  

Spen t  Fue l  Recovery 0.10 0.07  0 .17  
S u b t o t a l  0.53 (0 .56 )  (0 .03 )  

0 . 5 6  0 .24  0.80 Working C a p i t a l  
T o t a l  1 . 0 9  (0 .32 )  0 .77  

- -  



I V .  ANALYSIS OF FUEL COST 

T h i s  s e c t i o n  d i s c u s s e s  s e v e r a l  i m p o r t a n t  a s p e c t s  of n u c l e a r  e l e c t r i c  p l a n t  f u e l  c o s t s .  

Uranium P r i c i n g  

In t h e  U . S . ,  e n r i c h e d  uranium i s  produced  by t h e  gaseous  d i f f u s i o n  p r o c e s s .  I f  one 
makes a few s i m p l i f y i n g  a s s u m p t i o n s ,  t h e  cos t - en r i chmen t  r e l a t i o n s h i p  is a s  f o l l o w s :  

C (Xi )  = F (Xi )  Cf + &Xi)  C, ............ . ( 1 )  

Where: C ( X i )  = U n i t  c o s t  of uranium of en r i chmen t  X i ,  $/KgU 

F ( X i )  = Kg n a t u r a l  Uranium f e e d  r e q u i r e d  t o  produce  1 Kg of 
uran ium a t  en r i chmen t  X i .  

Cf = U n i t  c o s t  of n a t u r a l  uranium f e e d  t o  t h e  d i f f u s i o n  p l a n t ,  
$/KgU a s  UFg. 

&Xi )  = S e p a r a t i v e  work r e q u i r e d  t o  produce  1 Kg o f  uran ium of enr ichment  
X i  from n a t u r a l  u ran ium,  Kgs U 

CA = U n i t  c o s t  of s e p a r a t i v e  work, $/KgU 

The f e e d  r equ i r emen t  p e r  Kg of p roduc t  i s :  

Where: X i  = produc t  m a t e r i a l  enr ichment  

X, = d i f f u s i o n  p l a n t  t a i l i n g s  en r i chmen t  

Xf = n a t u r a l  uranium enr ichment  (0 .711%) 

The s e p a r a t i v e  work r equ i r emen t  i s :  

Where: ( J ( X j )  = (2Xj-1) I n  
1 - X j  

............. ( 2 )  

W = Kgs d i f f u s i o n  p l a n t  t a i l i n g s  p e r  Kg p r o d u c t  

F = FCXi) d e f i n e d  p r e v i o u s l y  

For  any p a r t i c u l a r  r a t i o  of f e e d  t o  s e p a r a t i v e  work c o s t ,  t h e r e  e x i s t s  a c e r t a i n  
optimum t a i l i n g s  enr ichment  which w i l l  r e s u l t  i n  minimum p r o d u c t  c o s t  (any  p roduc t  
e n r i c h m e n t ) .  The t a i l i n g s  e n r i c h m e n t ,  %, is de te rmined  by t a k i n g  t h e  f i r s t  d e r i v a -  
t i v e  of t h e  c o s t  e q u a t i o n  ( 1 )  w i t h  r e s p e c t  t D  X W ,  s e t t i n g  it e q u a l  t o  z e r o ,  and s o l v i n g  
f o r  X w .  Tha t  i s ,  s o l v e  f o r  & i n  t h e  e q u a t i o n :  

(4)  dC(Xi) = 0 . . . . . . . . . . . . .  ax, 
The c u r r e n t  USAEC s c h e d u l e  of c h a r g e s  f o r  e n r i c h e d  uranium is  based on a n a t u r a l  uranium 
f e e d  cha rge  of $23.5/KgU a s  UF6 and a s e p a r a t i v e  work c h a r g e  of $30/KgU. For t h i s  r a t i o  
of f e e d  t o  work c o s t ,  t h e  optimum t a i l i n g s  en r i chmen t  computed from e q u a t i o n  (4 )  above i s  
0.253% U235 i n  Uranium. 



Makeup of  Fuel  C o s t  

T a b l e  19  i n d i c a t e s  t h e  makeup of t h e  d i r e c t  f u e l  c o s t  of t h e  l i g h t  water r e a c t o r  des-  
c r i b e d  i n  T a b l e  1 2 ,  b u t  on a p1utonium r e c y c l e  mode of o p e r a t i o n .  The c o s t s  a r e  
a l l o c a t e d  t o  t h e  d i s c r e t e  p r o d u c t i o n  o p e r a t i o n s  which  were p r e v i o u s l y  set  f o r t h  i n  
t h e  f l o w s h e e t  of F i g u r e  1. 

TABLE 19 

DISTRIBUTION OF FUEL COST COMPONENT CHARGES 

L i g h t  Water R e a c t o r  wi th  P l u t o n i u m  R e c y c l e  
(See  T a b l e  9 f o r  Des ign  D a t a )  

- %of Direct Fuel  Cost  
Mining ,  m i l l i n g ,  r e f i n i n g  20 
Convers ion  U308 t o  UF6 2 
E n r i c h i n g  23 
F a b r i c a t i o n  36 

1 9  S p e n t  F u e l  Recovery  - 
100 

NOTE: This c o s t  a l l o c a t i o n  c a n p a r e s  w i t h  t h e  f l o w s h e e t  shown i n  
F i g u r e  1. 

Minimized Fuel  C o s t s  

One of  t h e  i n t e r e s t i n g  c h a r a c t e r i s t i c s  of n u c l e a r  f u e l  c y c l e s  i s  t h a t  t h e r e  exists 
a c e r t a i n  optimum f u e l  e x p o s u r e  t o  o b t a i n  minimum f u e l  c o s t .  
t h e  i n c r e a s e  t h a t  r e s u l t s  i n  n u c l e a r  f u e l  inves tment  c h a r g e s  as  t h e  d e s i g n  f u e l  
exposure  i s  i n c r e a s e d .  T h i s  i n  t u r n  is due t o  t h e  i n c r e a s e d  f i s s i l e  l o a d i n g  r e q u i r e d  
t o  a t t a i n  h i g h  f u e l  e x p o s u r e s ,  The optimum f u e l  e x p o s u r e  depends on t h e  combined e f f e c t  
of a l l  of t h e  i n d i v i d u a l  c o s t  i n p u t s  t o  t h e  f u e l  c o s t  computa t ion .  

A t y p i c a l  s e t  of f u e l  c o s t  v e r s u s  f u e l  e x p o s u r e  c u r v e s  a r e  given i n  f i g u r e  5 ( s e e  t h i s  
f i g u r e  a t  end of t e x t ) .  

T h i s  i a  most ly  due t o  

V. CONCLUSIONS 

The n u c l e a r  i n d u s t r y  i s  r e l a t i v e l y  new and i s  j u s t  b e g i n n i n g  t o  show p o s i t i v e  s i g n s  
of g e t t i n g  underway. Much r e s e a r c h  and development i s  i n  p r o g r e s s .  T h e s e . c o n d i t i 0 n . s  
c o n t r i b u t e  towards  ca i l s ing  s p e c i f i c  levels of economic per formance  of n u c l e a r  e lec t r ic  
p l a n t s  t o  change r a p i d l y  w i t h  time. Thus,  one must be c l o s e l y  c o n n e c t e d  w i t h  t h e  
n u c l e a r  power f i e l d  i n  o r d e r  t o  keep  a b r e a s t  o f  t h e  s i t u a t i o n .  

S i n c e  1960,  t w e l v e  n u c l e a r  e l e c t r i c  p l a n t s  have e n t e r e d  service b u t  o n l y  one of them 
'can  b e  c a l l e d  r e a s o n a b l y  l a r g e .  S m a l l  n u c l e a r  p l a n t s  d e m o n s t r a t e  t e c h n o l o g y  w e l l ,  
b u t  because t h e y  a r e  s m a l l ,  c a n n o t  demonst ra te  economic c o m p e t i t i v e n e s s .  Thus,  we 
a r e  i n  a p u s i t i a n  t o d a y  where w e  t h i n k  n u c l e a r  p l a n t s  can  be b u i l t  which w i l l  be 
economic but  we don ' t  have any  i n  hand a t  t h e  moment. In t h e  p e r i o d  1966 t h r o u g h  
1968,  f i v e  l a r g e  n u c l e a r  e l e c t r i c  p l a n t s  a r e  s c h e d u l e d  t o  e n t e r  service. It  w i l l  be 
most i n t e r e s t i n g  t o  c l o s e l y  f o l l o w  t h e i r  p r o g r e s s  and performance t o  see i f  our  
p r e d i c t i o n s  w i l l  indeed be r e a l i z e d .  



'\ 

I 

i 

91 

Figure 1 Electricity r 
Uranim Flovsheet I 

Nuclear Electric Plant and S u p w i n g  Ope rations 

i .  

Figure  2 

25.78 fissioned (21, MJD heat)* - 
U238, 970g 

U235, 30g 

Reactor 

U2 38 

Fu 

U235 
U236 

Mass and Energy Balance Around Reactor 
(one imadiation cycle) 

* 0.023 grdms m s  converted to energy (E=MC2) 

950.6g 

c 2: 
11 6g 
3.0g 

fissile 
non-f issila 



92 

c O n ” 7  
Fab . 

Figure 3 

l * O K g U  + 0.965 KnU @ 1 . 2 %  
@ 30 Reactor 9&PU 

Mass Bdlancc bund Nuclear System 
(Non-Pu Recycle) 

b.03 KgU 
@ 

0.253% 

25.7g fission products 

Figure b 

Trends in Capital Cost 

Light Water N u c l e a r  Electric Plants  

Yankee 

I 



4 

3 

f 
Y 

1 
1 

0 

9 3  

Figure 5 

ILLUSTRATIVE MAMPLE 

Fuel Cost V e r s u s  Design h l  Expos ure 
Light Water Reactor 

Cost of Natunal 
lhniun, S/lb U30s 

12 

- 8  

- 4  
\ 

locus of 
minima 

0 10 20 30 40 50 

Fuel Exposure, MwD/Kgu 

i 
i 



94 

UNCONVENTIONAL ENERGY CONVERSION METHODS 

H. A. Wagner 
A s s i s t a n t  V ice Pres ident  

The D e t r o i t  Edison Company 
D e t r o i t ,  Mich igan 

l n t r o d u c t  i on  

The recent accomp ishments i n  t h e  f i e l d  o f  d i r e c t  energy convers ion a r e  
r e c e i v i n g  increased a t t e n t i  n i n  t h e  power i n d u s t r y  s ince  the  p o t e n t i a l  rewards of 
lower cos ts  a r e  s u b s t a n t i a l .  There would appear t o  be m e r i t  i n  a mutual considera- 
t i o n  by the  chemical and power i n d u s t r i e s  of the p o s s i b i l i t i e s  and advantages o f  
lower c o s t  poder i n  the  chemical i n d u s t r y  t o  be o5 ta ined  through lower generat ion 
cos ts  u s i n g  new methods o f  energy convers ion,  and, o f  perhaps equal importance, 
through b e t t e r  and more e f f e c t i v e  u t i l i z a t i o n  o f  t he  present  f a c i l i t i e s  o f  l a r g e  
power systems. 

E l e c t r i c  power  companies have always engaged i n  system p lann ing  -- t o  p re -  
d i c t  f u t u r e  p roduc t i on  and system requi rements,  and t o  app ly  new ideas and methods 
t o  reduce cos ts .  Essent ia l  t o  a?y p l a n  i s  t he  s e l e c t i o n  o f  generat ion methods pro-  
duc ing t h e  lowest o v e r a l l  c o s t ,  s i n c e  t h i s  i s  t h e  base t o  dh i ch  a l l  o t h e r  cos ts  a re  
added. Consequently, i t  i s  impor tant  t h a t  we be a c t i v e l y  engaged i n  and i n t e l l i g e n t l y  
informed on these new system concepts so t h a t  they may be a p p l i e d  t o  our mutual 
advantage. 

t h e i r  e f  
1 ooked. 

I n  cons ide r ing  t h e  appl  i c a t i o n  o f  new methods o f  e l e c t r i c  power generat ion,  
f e c t  i n  a c c e l e r a t i n g  improvement o f  convent ional  methods should no t  be over-  

Economic comparisons must recognize t h a t  present  methods have been improved 
and c o s t s  reduced, and these methods w i l l  be f u r t h e r  improved beyond what was a n t i c i -  
pa ted  e a r l i e r ,  because o f  t h e  c o m p e t i t i o n  f rom new f i e l d s  o f  technology, from 
improved e f f i c i e n c i e s  o f  conven t iona l  methods, o r  from o t h e r  f a c t o r s  such as r e s u l t e d  
f rom t h e  u n i t - t r a i n  d e l i v e r y  o f  coa l  t o  power p lan ts .  

Another example o f  a change which i s  beg inn ing  t o  have an impor tant  e f f e c t  
on power costs  i s  the advent o f  commerc ia l ly  c o m p e t i t i v e  nuc lea r  p lan ts .  While 
nuc lea r  power p rov ides  o n l y  a smal l  p a r t  o f  t oday ' s  genera t i on ,  i t  promises t o  
assume a s i g n i f i c a n t  p a r t  o f  t h e  new c a p a c i t y  i n s t a l l e d  i n  the  next t e n  o r  f i f t e e n  
years. Nuclear r e a c t o r s ,  even w i t h  p resen t  des ign,  a r e  now econonic i n  some areas 
hav ing  h i g h  f u e l  c o s t ,  and i n  the  near f u t u r e  w i l l  p robably  become compe t i t i ve  i n  
a l l  bu t  t h e  lowest cost f u e l  areas. Several of t h e  advanced methods o f  power gen- 
e r a t  i o n  can be used t o  good advantage w i t h  a high-temperature nuc lear  reac to r .  
Since such combinations can o f f e r  an impor tant  improvement i n  present  nuc lea r  c y c l e  
e f f i c i e n c y ,  t h e i r  development may be acce le ra ted  a long  w i t h  nuc lear  power development. 

I n  o rde r  t h a t  we may have some a p p r e c i a t i o n  o f  t h e  magnitude o f  t he  
rewards we a r e  t a l k i n g  about ,  a d i s c u s s i o n  o f  o n l y  one o f  t he  many items a f f e c t e d  
may be i n  o rde r ;  namely, t he  f o s s i l  f u e l  b i l l  of t h e  investor-owned companies. The 
investor-owned companies i n  t h e  Un i ted  States a t  t h e  p resen t  t ime spend about $1.6 
b i l l i o n  a year on f u e l .  T h i s  w i l l  increase s u b s t a n t i a l l y  i n  t h e  years ahead because 
o f  i nc reas ing  demands f o r  energy. F i g u r e  1 shows the Edison E l e c t r i c  I n s t i t u t e ' s  
e s t i m a t e  f o r  power p roduc t i on  by investor-owned companies for the  nex t  f i f t e e n  years. 

E f f i c i e n t  as our p r e s e n t  power p l a n t s  a r e ,  t he re  i s  s t i l l  promise o f  devel -  
opments ahead i n  convent ional  genera t i ng  equipment and systems. F igure 2 shows the 
t r e n d  i n  ne t  s t a t i o n  e f f i c i e n c y  for f o s s i l - f u e l  f i r e d  p l a n t s ,  from I940 t o  1960, 
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and a p r o j e c t i o n  t o  1980. As i n d i c a t e d  on t h i s  f i g u r e ,  developed i n  essence by 
W. D. Marsh o f  t he  General E l e c t r i c  Company, increases a r e  l i k e l y  t o  be achieved 
through t h e  use of h ighe r  pressures and temperatures. There a r e  o t h e r  paths t o  
increased e f f i c i e n c y ,  n o t a b l y  through the  use o f  combined gas turb ine-steam cyc les ,  
and p o s s i b l y  b i n a r y  vapor cyc les ,  us ing  steam and mercury, or perhaps one o f  t he  
a l  k a l  i me ta l s ,  potassium f o r  instance. 

Acco rd ing l y ,  t he  curve f o r  t he  years 1970 t o  1980 i n d i c a t e s  a range of 
va lues t o  accommodate the p o s s i b i l i t y  o f  a c h i e v i n g  some of these cyc les  economi- 
c a l l y .  I t  should be recognized t h a t  t e c h n i c a l l y  some o f  them can be b u i l t  now, bu t  
e i t h e r  the  economics o r  the o p e r a t i n g  comp lex i t i es  a r e  such t h a t  t hey  a r e  not  p rac -  
t i c a l  f o r  average use a t  t h e  present  t ime. F igu re  2 a l s o  i l l u s t r a t e s  t h e  f a c t  t h a t  
t he  new methods o f  power genera t i on  p romis ing  h ighe r  e f f i c i e n c i e s  have a c o n t i n u a l l y  
changing t a r g e t  t o  !meet, one t h a t  becomes more d i f f i c u l t  t o  achieve as t h e  technology 
o f  convent ional  systems improves. For example, t he  probable improvement i n  the power 
f i e l d  i s  i nd i ca ted  i n  Fig. 3. The t a b l e  shows a s u b s t a n t i a l  decrease i n  energy cos t  
over a seven-year p e r i o d  and a l s o  i n d i c a t e s  t h a t  nuc lea r  power must be considered 
f o r  any f u t u r e  capac i t y  i n s t a l l a t i o n s .  

From the  foregoing,  i t  can be demonstrated t h a t  f o r  an improvement i n  e f f i -  
c iency o f  15 percent ,  f o r  exanple, a f u e l  sav ings a lone  o f  about $200 m i l l i o n  pe r  
year would be achieved by the  year 1980, f o r  o n l y  t h e  new c a p a c i t y  i n s t a l l e d .  Such 
improvement i s  t e c h n i c a l l y  a t t a i n a b l e ,  and w i t h i n  p o s s i b l e  economic f e a s i b i l i t y  f o r  
severa l  o f  t h e  new methods o f  power generat ion.  By p r o v i d i n g  lower  cos t  power, i t  
i s  hoped t h a t  these new methods w i l l  encourage developments o f  s u b s t a n t i a l  new 
markets for the chemical i ndus t r y .  

The inc reas ing  demaid f o r  products  f rom our two i n d u s t r i e s  w i l l  r e q u i r e  
t h a t  l a r g e r  s i zes  o f  equipment be i n s t a l l e d .  Accord ing t o  the Edison E l e c t r i c  
I n s t i t u t e ' s  fo recas t  f o r  t he  p r o d u c t i o n  o f  e l e c t r i c a l  energy f o r  1980, t h e  power 
i n d u s t r y  must e i t h e r  i n s t a l l  t h ree  t imes as many genera t i ng  u n i t s  as i t  i s  today,  
o r  i n s t a l l  the same number o f  u n i t s  b u t  t h r e e  t imes t h e  s i z e  o f  t oday ' s  u n i t s ,  o r  
some optimum combination the reo f .  I t  i s  probable t h a t  t he  i n s t a l l a t i o n  o f  1000 mw 
o r  1500 mw generat ing u n i t s  w i l l  n o t  be an uncommon occurrence i n  t h e  1980s. The 
chemical i ndus t r y  can presumably expect t o  increase i n  a s i m i l a r  manner. 

The inc reas ing  amount o f  " t o t a l  energy" -- heat  and e l e c t r i c a l  -- requ i red  
t o  meet t h e  increas ing demands i n  the  chemical i n d u s t r y  w i l l  d i c t a t e  some new and 
perhaps "unconventional" approaches when rev iew ing  f u t u r e  product  i o n  costs. The 
cos t  of t h i s  I l t o t a l  energy" would be considerable i f  produced by  t h e  chemical indus- 
t r y  i n  smal ler  u n i t s ,  bu t  cou ld  be a t  a r e l a t i v e l y  l e s s e r  incremental cos t  i n  the  
increased s i zes  which, it i s  p r e d i c t e d ,  w i l l  be i n s t a l l e d  by t h e  power indust ry .  
F igu re  4 i s  sho;un t o  i l l u s t r a t e  the  t r e n d  i n  r e d u c t i o n  i n  c a p i t a l  cos ts  and s t a t i o n  
ne t  heat r a t e  assoc ia ted  w i t h  the  increase i n  s i z e  o f  genera t i ng  u n i t s .  These data 
a r e  from Ele_c_tricaI Wor ld 's  13th Steam S t a t i o n  Cost Survey, a s  pub l i shed  October 7 ,  
1963. 
percent  lower than shown i n  t h i s  c h a r t  f o r  s i z e s  o f  500 mw and l a r g e r .  

The cha r t  i s  a l r e a d y  outdated because s t a t i o n  cos ts  a r e  even now IO t o  20 

By t a k i n g  advantage of t h e  " t o t a l  energy' '  supply  concept, mutual advan- 
As a s t a r t  i n  t h i s  d i r e c t i o n ,  The D e t r o i t  Edison Company has tages a r e  poss ib le .  

purchased the power and s tean  generat ing f a c i l i t i e s  o f  two major chemical i n d u s t r i e s  
i n  i t s  se rv i ce  area -- Wyandotte Chemicals Corpo ra t i on  and Pennsalt Chemicals Corpora- 
t i o n .  I t  i s  the phi losophy o f  D e t r o i t  Edison t h a t  supp ly ing  o f  energy i s  i t s  b u s i m s s  
and t h a t  i t  should be a b l e  t o  do so i n  a l a r g e  system a t  a sav ing as compared t o  
i s o l a t e d  smal ler  p l a n t s .  
investment f o r  power and steam equipment cou ld ,  i t  would seem, be p u t  t o  more p ro -  
d u c t i v e  use i n  the  expansioq o f  product  manufactur ing f a c i l i t i e s .  
Edison 's  l a rge  chemical customers have agreed w i t h  t h i s  ph i losophy.  I be l i eve  t h a t  
t h e r e  a r e  mutual b e n e f i t s  t o  be gained by c l o s e r  coopera t i on  between our  two indus- 
t r i e s .  For instance, f u r t h e r  b e n e f i t s  t o  both t h e  chemical and power i n d u s t r i e s  

The c a p i t a l  which the chemical i n d u s t r y  would forego i n  

Two o f  D e t r o i t  
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may b i  p o s s i b l e  i f  use can be made o f  t he  power i n d u s t r y ' s  l a r g e  of f -peak generat ing 
capac i t y .  

New Concepts - -- 
4s i nd i ca ted  be fo re ,  severa l  of the new methods of power generat ion o f f e r  

p r o n i s e  o f  commercial a p p l i c a t i o n  t o  power system generat ion as a means of reducing 
p r o d u c t i o n  cos ts .  The economic and t e c h n i c a l  s t a t u s  of  t h e  more p romis ing  o f  these 
a r e  d iscussed i n  the f o l l o w i n g .  

The rmoe 1 e c t  r i c ---- 
O f  t h e  fou r  advanced concepts f o r  power genera t i on  which a r e  r e c e i v i n g  most 

a t t e n t i o n ,  t h e  t h e r m o e l e c t r i c  generator  seems l e a s t  l i k e l y  t o  s i g n i f i c a n t l y  a f f e c t  
t h e  power i ndus t r y .  T h e r m o e l e c t r i c i t y  i s  beset w i t h  m a t e r i a l s  problems. The h igh  
i n t e r e s t  i n  t h e  lat_e 1950s was generated by the  development o f  semi-conductors and 
doped semi-conductors which produced a cons ide rab le  increase i n  the rmoe lec t r i c  e f f i -  
c i e n c i e s .  The i n i t i a l  enthusiasrn has abated somewhat as no s i g n i f i c a n t  m a t e r i a l s  
advance has appeared s ince  then. However, small  t he rmoE lec t r i c  power generators 
have been b u i l t  and operated. Home and o f f i c e  h e a t i n g  and coo l i ng  u n i t s  i n v o l v i n g  
t h e r m o o l e c t r i c  devices a re  a v a i l a b l e  a t  a p r i c e .  Thermoelect r ic  devices opera t i ng  
on hydrocarbon f u e l s  have been developed f o r  use p r i m a r i l y  where low-wattage, con- 
t i n u o v s  t rosJble- f ree o p e r a t i o n  i s  needed i n  remote areas. Thermoslect r ic  generators 
fue led  w i t h  rad io i so topes  a r e  be ing  used t o  power n a v i g a t i o n  buoys, remote unattended 
weather s t a t i o n s ,  as w e l l  as m i l i t a r y  and space a p p l i c a t i o n s .  

Thermoolect r ic  g e n e r a t i o n  would s t i l l  seem t o  f i n d s  i t s  g rea tes t  a p p l i c a -  
t i o n  as a power consumer r a t h e r  than as a power pr0duce.r. For example, Fig. 5 was 
reproduced f rom a recen t  Sears, Roebuck and Co. brochure which o f f e r s  "Coldspot 
Thermoolect r ic"  b u f f e t  bars w i t h  a p r i c e  range o f  $395 t o  $495. They a l s o  o f f e r  the 
work ing u n i t  a lone f o r  $295 t o  use i n  some s t a t i o n a r y  spot  i n  the hone o r  o f f i c e .  
Push bu t tons  s w i t c h  the  u n i t  from "keep-hot" t o  l lkeep-cool" o r  v i c e  versa. D i a l s  
r e g u l a t e  the temperatures f rom below f r e e z i n g  t o  abote 150 F. Others are o f f e r i n g  
t h i s  same or s i m i l a r  equipment. 

Economic s tud ies  seem t o  i n d i c a t e  t h a t  t h e r m o e l e c t r i c  generat ion w i  I 1  be 
l i m i t e d  i n  s i z e  and w i l l  be u s e f u l  o n l y  i n  spec ia l  a p p l i c a t i o n s .  By 1980, c a p i t a l  
costs  may be reduced t o  t h e  range o f  $200 t o  $500 per  k i l o w a t t  o f  i n s t a l l e d  capac- 
i t y .  T h i s  c o u l d  no t  be considered as economic f o r  l a r g e  sca le  power generation. 

Thermiogic -- 
Thermionic genera t i on  i s  of s i g n i f i c a n c e  t o  the  poder i ndus t r y  because o f  

i t s  a d a p t a b i l i t y  t o  Sulk  power genera t i on ,  p a r t i c u l a r l y  i n  c e n t r a l  s t a t i o n  reac to r  
poder p l a n t s .  Reports f r o n  t h e  l a r g e  research and development e f f o r t  i n d i c a t e  t h a t  
t h e  a d a p t a t i o i  t o  space uses i s  on schedule, a l t hough  the  veh ic les  and miss ions 
which would r e q u i r e  the 50-IOOO kw nuc lea r - the rm ion ic  power supply may be f u r t h e r  
i n  the f u t u r e  than i n d i c a t e d  h e r e t o f o r e .  F igu re  6 i l l u s t r a t e s  a space a p p l i c a t i o n  
o f  t he rm ion ic  power. 

An a t t r a c t i v e  commercial a p p l i c a t i o n  o f  t he  the rm ion ic  conver ter  i s  as an 
i n - p i l e  dev ice f o r  a nuc lea r  r e a c t o r .  Because the  requ i red  e m i t t e r  temperature i s  
i n  the order  o f  3000 F, uranium c a r b i d e  o r  a m o d i f i c a t i o n  o f  i t  has d e s i r a b l e  prop- 
e r t i e s  f o r  such serv ice.  Consequently, i t  appears most p r a c t i c a l  t o  combine a 
t h e r m i o n i c  topp ing  dev ice as p a r t  of a i u c l e a r  reac to r .  Since the e f f i c i e n c y  o f  
t h e r m i o n i c  conver te rs  may u l t i m a t e l y  reach 15-20 percen t ,  a thermal c y c l e  i n  which 
such devices a r e  superimposed on a convent ional  c y c l e  may s i g n i f i c a n t l y  increase 
f u t u r e  p l a n t  e f f i c i e n c i e s .  However. o the r  developments. such as nuc lear  superheat, 
may reduce the  i n c e n t i v e  f o r  t he rm ion ic  topp ing  o f  r e a c t o r s  
steam. Perhaps e q u a l l y  impor tant  i s  t he  p o s s i b i l i t y  o f  s i g n  
r e a c t o r  c a p a c i t i e s  w i t h o u t  commensurate increases i n  phys ica 

roducing sa tu ra ted  . 
f i c a n t l y  i nc reas ing  

s i ze  o r  costs .  However, 
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a t  present ,  i t  appears t h a t  economics w i l l  n o t  f a v o r  commercial use o f  t he rm ion ic  
devices w i t h i n  the  nex t  t e n  years. 

Maqnetohydrodynani c z  

The commercial genera t i on  o f  power by magnetohydrodynamics, more conven- 
i e n t l y  r e f e r r e d  t o  as MHD, appears t o  be assoc ia ted  w i t h  m a t e r i a l s  and costs. It i s  
o n l y  f a i r  t o  acknowledge t h a t  t he re  i s  a d i f f e r e n c e  o f  o p i n i o n  i n  t h e  i n d u s t r y  as t o  
t h e  f u t u r e  of MHD i n  the  Un i ted  States. A combined MHD and steam c y c l e ,  i n  which gas 
f rom the MHD generators would be discharged t o  a steam-generator t u rb ine -genera to r  
system, may prove i n  t ime  t o  be economical ly  f e a s i b l e .  As t h i s  would i nvo l ve  an 
open-cycle c o a l - f i r e d  MHD u n i t ,  problems a r e  encountered w i t h  i t s  molten coal ash,  
and h igh- temperature,  s t r o n g l y  o x i d i z i n g  gases i n  t h e  duc t ,  b o t h  i n  the MHD system 
a i d  i n  the e x i t  gas steam generator ,  and w i t h  the  a l k a l i  seed m a t e r i a l  added f o r  
i o n i z a t i o n  purposes. Since the  seed m a t e r i a l  i s  expensive, i t  would appear necessary 
t h a t  i t  be almost f u l l y  recovered. Such a c y c l e  i s  desc r i  d i n  M r .  J .  J. W i l l i a m  
Brown's paper ,  "Some Aspects of MHD Power P lan t  Econonics l $7 . 

The economic s o l u t i o n  t o  these problems causes some pessimism as t o  t h e  
commercial a t t r a c t i v e n e s s  o f  open-cycle f o s s i l - f u e l e d  MHD power p l a n t s  i n  the near 
f u t u r e .  Consequently, c losed-cyc le  systems, us ing s o - c a l l e d  non-equ i l i b r i um i o n i -  
z a t i o n  methods and those us ing  l i q u i d  metal conductors, both o f  which pe rm i t  some- 
what lower temperature opera t i on ,  a r e  r e c e i v i n g  increased a t t e n t i o n .  

One o f  the unusual aspects  o f  MHD genera t i on ,  o f f e r i n g  mutual advantages 
t o  our two i n d u s t r i e s ,  i s  t h e  p o s s i b l e  recovery o f  n i t r o g e n  f e r t i l i z e r s  and n i t r i c  
ac id .  I n  t h e  h igh- temperature gas f l o w  cond i t i ons  o f  t he  MHD generator ,  atmospheric 
n i t r o g e n  combines w i t h  oxygen t o  form n i t r i c  oxide. 
t u r e s  p rov ides  f i x e d  n i t r o g e n  i n  the exhaust gas. Westinghouse E l e c t r i c  Corporat ion 
research engineers suggest t h a t  a t  c u r r e n t  market p r i c e s  t h i s  recovery process cou ld  
proJe t o  be economic. 

Fast quenching t o  low tempera- 

The u t i l i t y  i n d u s t r y  i s  suppor t i ng  much exper imenta l  and developmental work 
' i n  t h i s  country ,  and over eas as w e l l .  The Avco Corporat ion and a group o f  e leven 

e l e c t r i c  power companiesL7 have been engaged i n  a j o i n t  research e f f o r t  on MHD for 
severa l  years. The Edison E l e c t r i c  I n s t i t u t e  i s  suppor t i ng  a l i q u i d  metal MHD 
development e f f o r t  w i t h  Atomics I n t e r n a t i o n a l .  

F igure 7 shows an MHD b i n a r y  c y c l e  us ing l i q u i d  potassium f o r  the MHD po r -  
t i o n .  The r e s u l t a n t  low temperatures g i ve  r i s e  t o  optimism f o r  an  economic break-  
through i n  the  MHD f i e l d .  Experiments a r e  under way on severa l  schemes u t i l i z i n g  
e i t h e r  a two-phase l i q u i d  n e t a l  system, o r  two d i f f e r e n t  l i q u i d  metals w i t h  d i s -  
s i m i l a r  p r o p e r t i e s .  

There i s  g r e a t l y  increased MHD a c t i v i t y  i n  Great B r i t a i n  and France, m o s t  
o f  i t  supported by t h e  l a r g e  n a t i o n a l i z e d  u t i l i t y  i ndus t r i es .  One o f  t h e  l a r g e s t  
overseas p r o j e c t s  i s  t h a t  o f  The Central E l e c t r i c i t y  Generating Board o f  Great 
B r i t a i n  which has a $5.4 m i l l i o i  progran f o r  an open-cycle p r o t o t y p e  MHD p l a n t  a t  
i t s  Marchwood t e s t  l a b o r a t o r i e s  near Southampton, England, The p ro to type ,  designed 
as a topper  t o  a convent ional  thermal s t a t i o n ,  i s  t o  have a thermal i npu t  of 20 
and an e l e c t r i c a l  ou tpu t  o f  20 mw. It w i l l  burn kerosene en r i ched  w i t h  oxygen- . 37 mw 

A major c o n t r i b u t i o n  towards t h e  p r o d u c t i o n  o f  an MHD generator  s u i t a b l e  
f o r  use as a topper  i n  convent ional  power s t a t i o n s  cou ld  be made by the new 
E l e c t r i c i t k  de France l a b o r a t o r y  i n  Renardisres, France. 
have a continuous r a t i n g  of 8 mw thermal a t  3,000 K. The Renard ieres l  experiment 
w i l l  be on an open-cycle generator  i n i t i a l l y ,  bu t  i t  i s  hoped t o  use an exhaust gas 
heat  exchanger f o r  p rehea t ing  f u e l s  a t  a l a t e r  stage. Th is  w i l l  be a f o s s i l  f u e l -  

The MHD generator  w i  1 1  
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f i r e d  dev i ce  u s i n g  a m i x t u r e  of 20 percent  potass lym (by weight) and methanol f o r  
seeding the  combustion gases i n  t h e  MHD generator- . 

One o f  the main d i f f e r e n c e s  between t h i s  and o the r  devices i s  t h a t  "wall  
phenonena" ceases t o  be o f  major  s i g n i f i c a n c e  when the  MHD duct volume i s  increased. 
When t h e  volume t o  su r face  r a t i o  i s  l o w ,  heat losses through the  w a l l s ,  t h e  e f f e c t  
o f  f r i c t i o n ,  boundary l a y e r s ,  and turbulence a l l  have a s i g n i f i c a n t  e f f e c t  on pe r -  
formance. 

With h i g h  f o s s i l  f u e l  cos ts  i n  many areas overseas, and the  ION c a r r y i n g  
charges assoc ia ted  w i t h  n a t i o n a l i z e d  poder system economics, t h e  i n c e n t i v e  f o r  MHD 
development i s  much d i f f e r e n t  t han  i t  i s  i n  t h i s  coun t ry  where we have ( I )  compara- 
t i v e l y  low cos t  f o s s i l  f u e l ,  (2) compe t i t i ve  nuc lea r  power i n  medium t o  h i g h  cost 
f u e l  areas,  and ( 3 )  l a r g e l y  a n  investor-owned i n d u s t r y  where c a r r y i n g  charges on 
investment a r e  s u b s t a n t i a l l y  h ighe r .  

Resu l t s  o f  research and development look encouraging and the re  i s  s t i l l  
much enthusiasm i n  the MHO f i e l d .  Pess im is t i c  views e x i s t ,  mos t l y  i n  the p r e d i c t e d  
t iming o f  an economic breakthrough. 

- Fuel C e l l s  

1 
The f u e l  c e l l  f i e l d  i s  h i g h l y  d i ve rse  and one perhaps of g r e a t e s t  i n t e r e s t  

T h i s  d i v e r s i t y  takes many forms, and makes economic e v a l -  t o  the chemical i ndus t r y .  
uat  ions complex and nebulous. For instance,  one method o f  c l a s s i f y i n g  f u e l  c e l l  
technology i s  by ope ra t i ng  temperature, as f o l l o w s :  t h e  low range temperatures, up 

t u r e s  I 5 0  C t o  400 C -- use concentrated ac ids  and pas ty  caus t i cs ;  t he  h igh  range -- 
400 C t o  SO0 C - -  use mo l ten  carbonates; and the  e x t r a  + i g h  temperature range -- over 
800 C --  use s o l i d  ceramic ox ides  as the  e l e c t r o l y t e .  I t  i s  ev iden t  t h a t  w i t h i n  t h i s  
wide temperature range, w i d e l y  d i f f e r i n g  m a t e r i a l s  o f  c o n s t r u c t i o n  a r e  requi red,  and 
t h e r e  w i l l  be a d i f f e r e n c e  i n  performance r e s u l t s , ' b o t h  r e s u l t i n g  i n  v a r i a t i o n s  i n  
c o s t  of manufacture, operat  i o n  and maintenance. 

t o  150 C ,  use d i l u t e  aqueous c a u s t i c  and ac ids ;  t he  i n te rmed ia te  range -- tempera- ,/ 

Hydrogen-oxygen c e l l s  a r e  probably  the  most advanced as a r e s u l t  o f  devel -  
opment i n  connect ion w i t h  t h e  aerospace program. I n d i c a t i v e  o f  t h i s  a r e  t h e  th ree  
f u e l  c e l l s  e x h i b i t e d  by A l l i s -Cha lmers  Manufactur ing Company l a s t  November a t  the 
Arka isas Inven to rs  Coigress and Space Symposium -- ( I )  a 3 kw f u e l  c e l l  system f o r  
N A S A ' s  A p o l l o  spacec ra f t ;  (2) a 750 wa t t  hydrazine-oxygen system used t o  power a 
smal 1 submarine; a i d  (3 )  a 1 i gh twe igh t  45-watt hydrogen-oxygen system. General 
E l e c t r i c  r e p o r t s  success w i t h  t h e  hydrogen-oxygen type us ing  an ion-exchange 
membrane, and P r a t t  & Whitney have been successfu l  i n  develop ing a mod i f i ed  Bacon 
c e l l  o f  t h e  hydrogen-oxygen t ype  -- t o  n e n t i o n  o n l y  a few o f  t he  many p r o j e c t s  
under way. 

The regenera t i ve  f u e l  c e l l  i s  o f  p a r t i c u l a r  i n t e r e s t  t o  e l e c t r i c  power 
companies because o f  t he  p o s s i b i l i t y  o f  us ing  ocf-peak povJer f o r  regenerat ion.  
Hydrogen-oxygen systems, hydrazine-bromine, and potassium-mercury c e l l s  a r e  a l l  
under development, but cons ide rab le  research e f f o r t  w i l l  be needed be fo re  these 
systems can be considered t o  be commercial ly usable f o r  power generat ion.  
t h i s  appears t o  app ly  t o  a l l  f u e l  c e l l  systems a t  the present  t ime. 

The v e r y  l a r g e  research and development e f f o r t  i n  the  aerospace program, 

I n  f a c t ,  

c o s t i n g  many m i l l i o n s  of d o l l a r s  annua l l y ,  i s  respons ib le  f o r  the h igh  degree o f  
t e c h n i c a l  success o f  f u e l  c e l l s .  In  a broad sense, i t  appears t h a t  we now have o r  . 
s h o r t l y  w i l l  have f u e l  c e l l s  a v a i l a b l e  i n  25 wat ts  t o  IO kw range o f  power, l a s t i n g  
up t o  t h r e e  months a t  70 pe rcen t  thermal e f f i c i e n c y .  They have the  a b i l i t y  t o  
f u n c t i o n  
t i v e l y  immune t o  the  r i g o r s  of space environment and can produce p o t a b l e  water  as 
a by-product. Cost per  k i l o w a t t  of capac i t y  i s  v e r y  h igh.  

regard less of t h e  a t t i t u d e  o r  o r b i t  o f  t h e  space veh ic le .  They a r e  r e l a -  4 
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Present economic s tud ies  i n d i c a t e  t h a t  a t  bes t  t h e  n e t  energy cos ts  f o r  a 
hydrocarbon f u e l  c e l l  w i l l  o n l y  approach those for convent ional  c e n t r a l  s t a t i o n  
operat ion.  The f u e l  c e l l  may serve as a d ispersed power source on e l e c t r i c  systems, 
p a r t i c u l a r l y  f o r  s p e c i a l  a p p l i c a t i o n s  such as peaking s e r v i c e  where cos t  of opera- 
t i o n  i s  n o t  the determin ing f a c t o r  f o r  economic use. They may a l s o  have a p p l i c a t i o n  
as a mobi le  power source, such as f o r  use w i th  f o r k - l i f t  t r u c k s .  

Fu r the r  development f o r  v a r i e d  and spec ia l  commercial appl  i c a t  ions w i  1 1  
depend t o  some e x t e n t  upon p r i v a t e  i n d u s t r y ' s  cont inued w i l l i n g n e s s  t o  inves t  i n  
the  necessary research and development. Regardless o f  t he  amount i n d u s t r y  i s  
w i l l i n g  t o  i n v e s t ,  we must cont inue c lose  s u r v e i l l a n c e  on developments i n  the  major 
i n d u s t r i a l  f ue l  c e l l  programs. There a r e  about 21 such p r o j e c t s  t h a t ,  even i f  p a r t l y  
success fu l .  cou ld  a f f e c t  t he  f u t u r e  o f  t h e  chemical and e l e c t r i c  power i n d u s t r i e s .  

I b e l i e v e  we should con t inue  t o  inves t  i n  research and development t o  
i nsu re  r e s u l t s  favo rab le  t o  our i n d u s t r i e s ,  and t o  make ( 1 )  more p e n e t r a t i n g -  
engineering-economic s t u d i e s  t o  o b t a i n  t h e  f a c t s  and c a l c u l a t i o n s  as t o  the  r e a l  
economic p o t e n t i a l ,  and (2) a conscious search f o r  f u e l  c e l l s  and a p p l i c a t i o n s  t h a t  
can be tu rned  t o  the  b e n e f i t  of t he  chemical and e l e c t r i c  power i n d u s t r i e s .  

DC t o  AC Conversion 

I n  most cases, t he  advanced concepts o f  power genera t i on  have one common 
c h a r a c t e r i s t i c  --  they produce d i r e c t - c u r r e n t  power. The p resen t  a t t r a c t i v e n e s s  o f  
e x t r a  h igh -vo l tage  d i r e c t  c u r r e n t  f o r  t ransmiss ion  has encouraged t h e  equipment 
manufacturers t o  the  e x t e n t  t h a t  t he  advances i n  DC-AC convers ion techniques may be 
ahead of t h e  progress i n  energy conversion. 
methods a r e  ready f o r  a p p l i c a t i o n ,  DC-AC convers ion w i l l  no t  be a major t e c h n i c a l  
o r  economic handicap i n  the  use of d i r e c t  convers ion devices. 
d i r e c t l y ,  such as i n  t h e  e lect rochemical  bus iness,  t h e  problem does n o t  e x i s t  even 
now. 

I t  would appear t h a t ,  when the  advanced 

Where DC can be used 

Cryoqenics and Fusion 

In cons ide r ing  advanced methods o f  energy convers ion,  note probably  should 
be taken of the r e s u l t s  o f  phys i ca l  research i n  the two extremes of t h e  heat 
spectrum. 

1 .  Cryoqenics, i n v o l v i n g  t h e  i n v e s t i g a t i o n  o f  ma t te r  a t  tem- 
pe ra tu res  near abso lu te  zero,  has advanced t o  t h e  s tage 
where complete design guides a r e  pub l i shed  concern ing t h e  
e n t i r e  range o f  eng inee r ing  and chemical requi rements,  
i n c l u d i n g  p r o p e r t i e s  o f  va r ious  substances, p r o d u c t i o n  
systems, m a t e r i a l s  behavior ,  i n s u l a t i o n ,  s torage,  neces- 
sary r e l a t e d  equipment, and s a f e t y  procedures. Th is  i s  
o f  p a r t i c u l a r  i n t e r e s t  i n  the development o f  MHD and 
f u s i o n  devices r e q u i r i n g  h i g h  s t r e n g t h  magnetic f i e l d s .  
Commercial cryogenic  magnets a r e  now a v a i l a b l e  i n  small  
s izes.  Larger s i zes  w i l l  presumably be a v a i l a b l e  when 
t h e  demand requ i res .  

2. A l a r g e  aqount o f  government and p r i v a t e  research e f f o r t  
i s  be ing  devoted t o  t h e  f u s i o n  reac to r .  
from the f u s i o n  r e a c t o r  s t i l l  appears f a r  away, almost 
c e r t a i n l y  n o t  before 1980, and p robab ly  l a t e r .  
p o s s i b l e  t h a t  energy re leased d u r i n g  the  f u s i o n  o f  l i g h t  
n u c l e i  t o  form heavier  o r  more s t a b l e  n u c l e i  m y  be 
removed d i r e c t l y  as e l e c t r i c  energy, b u t  up t o  now a con- 
t i nuous  ne t  p roduc t i on  o f  power has n o t  been achieved. 
When i t  i s  achieved, i t  w i l l  p robably  s t i m u l a t e  numerous 

Economic power 

I t  appears 
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f o r e c a s t s  as t o  t h e  impact o f  f u s i o n  on the  w o r l d ' s  sources 
o f  e l e c t r i c  power. I t i s  n o t  p r a c t i c a l  a t  t h i s  t ime  t o  
g i v e  o the r  than  p r e l i m i n a r y  thought as t o  what cyc les might  
be used w i t h  t h e  f u s i o i  process, and t h e  economic aspect of 
t he  process i s  s t i l l  f u r t h e r  removed i n  time. 

S u i n m n  -- 
5/ I n  c l o s i n g ,  I w i l l  use th ree  f i gu res  o f  a p rev ious  paper- which at tempts 

t o  p r e d i c t  f o r  t he  next  twen ty  yea rs  generator  s i z e ,  power g e n e r a t i o i  e f f i c i e n c y  
and c a p i t a l  cos ts  f o r  f o u r  methods of advanced power generat ion.  On these f i gu res ,  
t h e  i n f o r m a t i o n  has been updated t o  r e f l e c t  t he  changes discussed he re in ,  as w e l l  as 
t h e  e f f e c t  o f  a n t i c i p a t e d  improvements i n  today ' s  convent ional  methods, such as t h e  
recent  t r e n d  o f  decreasing cost  of coal  a t  our power p l a n t s ,  and the  increased e f f i -  
c i e n c i e s  of nuc lea r  p l a n t s .  

F i g u r e  8 shows t h e  p r e d i c t e d  generator  s i zes  f o r  t he  next  I5 t o  20 years. 
There i s  doubt o f  a c h i e v i n g  the  p r e d i c t e d  s i zes  o f  t h e r m o e l e c t r i c  generators f o r  the 
years 1975 and I980 because o f  t h e  m a t e r i a l s  problem and what i s  considered t o  be a 
l esse r  p r o b a b i l i t y  of l a r g e  s c a l e  conmercial a p p l i c a t i o n .  No one i s  now s e r i o u s l y  
cons ide r ing  t h e  p o s s i b i l i t y  o f  b u i l d i n g  a 200 mw t h e r m o e l e c t r i c  generator ,  as was 
p r e d i c t e d  severa l  years ago. 

The delay i n  a c h i e v i n g  the rm ion ic  generator  s i zes  r e f l e c t s ,  i n  p a r t ,  an 
a i t i c i p a t e d  l e s s e r  research and development e f f o r t ,  and a l s o  perhaps the e f f e c t  o f  
increased e f f i c i e n c y  o f  p resen t  n u c l e a r  cyc les which may make such devices uneconosnic. 

The delays i n d i c a t e d  i n  the  MHD f i e l d  cou ld  be wrong. The present  pess i -  
mism f o r  a i  aconomic breakthrough i n  the  c y c l e  us ing  f o s s i l  f u e l  cou ld  cause t h i s  
s o r t  o f  a delay. However, e a r l y  success i n  the  l i q u i d - m e t a l s  cyc les o r  o the r  low 
temperature gas cyc les  c o u l d  suddenly spur  the e f f o r t ,  bu t  as toppers and n o t  as 
l a r g e  i n d i v i d u a l  u n i t s .  

I n  t h e  f u e l  c e l l  f i e l d ,  t h e  IO kw goal may soon be achieved as i nd i ca ted  
b e f o r e ,  mos t l y  because o f  t he  huge aerospace e f f o r t .  Whether the  p r e d i c t e d  s i zes  
i n d i c a t e d  f o r  1975 and I980 a r e  a t t a i n e d  w i l l  depend, i n  p a r t ,  on the degree o f  
suppor t  f o r  t h e  necessary research  and development by investor-owned indus t r i es .  

F igu re  9 shows t h e  f u t u r e  p r e d i c t e d  e f f i c i e n c i e s  f o r  these f o u r  advanced 
methods oF power generat ion.  The same reasons which app ly  f o r  the delay i n  devel -  
op ing  genera to r  s i zes  a l s o  a p p l y  f o r  t h e  delays i n d i c a t e d  i n  Fig. IO, which shows 
the p r e d i c t e d  c a 2 i t a l  cos t  p e r  k i l o w a t t  ne t  f o r  these advanced methods. 

These p r e d i c t  ions a r e  based upon the successfu l  outcome o f  research 
e f f o r t s .  When they  w i l l  be achieved,  i s  a f u n c t i o n  o f  the magnitude o f  t h e  
research e f f o r t  which w i l l ,  i n  t u r n ,  be a f f e c t e d  by improvements i n  conventional 
cyc les.  Encouraging progress has been made, and our  s c i e n t i s t s ,  engineers and 
chemists w i l l ,  I am sure,  s o l v e  t h e  many and complex problems o f  our  f u t u r e  
energy demaids. I t  w i l l  be t o  t h e  mutual b e n e f i t  o f  bo th  t h e  chemical and power 
i n d u s t r i e s  t o  work more c l o s e l y  t o g e t h e r  t o  develop more e f f i c i e n t  methods o f  
power genera t i on ,  and more e f f e c t i v e  use o f  our  present  equipment. 
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CONVERSION O F  FOSSIL F U E L S  TO UTILITY GAS 

H. E. Benson 
Con-Gas Serv ice  Corporation, Cleveland, Ohio 

C. L. T s a r o s  
Institute of Gas Technology, Chicago, Illinois 

Natural  gas  has nea r ly  completely replaced the u s e  of coal a s  a source  of 
utility g a s  in the United S ta tes .  As gas  has shifted its s ta tus  as a byproduct of 
petroleum, p r i ces  at the  well i n  the Southwest, despite government regulation, 
have gone up sharply during the  pas t  fifteen yea r s .  
e v e r ,  have remained fa i r ly  constant during this period. 

Coal p r i ces  a t  the mine, how- 

Natural  gas is purchased by distribution companies f rom the t ransmission 
companies in the coal-producing area of West Virginia at  about $0.37 p e r  MMBtu 
(million Btu). Coal in  the  s a m e  a r e a  selling a t  the mine for  $4.00-4.50/ton is 
equivalent in  p r i ce  to $0.16-0.18/MMBtu. As the differential between coal and 
gas p r i ces  increases ,  as i s  likely, the  conversion of coal to gas a t  the mine be- 
comes  increasingly a t t rac t ive .  

I t  has  been demonstrated in a sma l l  pilot plant a t  the Institute of Gas Tech- 
nology that the organic content of oil  shale hydrogenates to methane even m o r e  
readily than does coal. 
thus, a l a rge  gas-making potential  in  the  f o r m  of shale ex is t s  in  that a r ea .  On the 
o ther  hand, it is doubtful that  E a s t e r n  sha les  a r e  r ich  enough to  produce gas eco- 
nomically in  the foreseeable future.  

T h e r e  a r e  vas t  r e se rves  of oil shale in  Colorado and Utah; 

The location of the r ich  Western sha les  is far f rom the l a rge  Eastern popu- 
lation centers .  This means that gas f rom shale would have to  b e  cheaper by about 
$0.20 to $0.30 p e r  MCF (thousand cubic feet) than gas f r o m  coal to compensate 
fo r  t r ansmiss ion  cos ts  to  justify ea r ly  development of these  r e se rves  for  gas- 
making purposes.  
ciably cheaper there  than in the  East. 

Markets on the West Coast a r e  c loser ,  but na tura l  gas i s  appre- 

The r ich  sha les  of Colorado and Utah present ly  s e e m  be t te r  suited for pro- 
duction of liquids b y  re la t ive ly  s imple retorting at a tmospheric  p r e s s u r e  to 
r ecove r  crude shale oil. By conventional hydrogenation p rocesses ,  a high quality 
gasoline can be made f r o m  the  oil at p r i ces  c lose  to  p re sen t  gasoline pr ices .  
the development of p rocesses  t o  make  gasoline f r o m  oil  sha le  may occur before 
gas f rom sha le  is a reali ty.  

Thus, 

A variety of p rocesses  for  the conversion of dist i l late and residual oils to 
gas have been developed and a r e  being used widely for baseload gas elsewhere in 
the world. In this country, oil is used t o  produce gas fo r  peaking purposes  on the 
Eas t  Coast only. Distillate fuels,  which a r e  relatively s imple to  gasify, cost 
$O.lO/gallon, a raw m a t e r i a l  cost of about $0.70/MMBtu. 
res idua l  oil, can be  converted t o  gas by hydrogenation? or thermal  ~ r a c k i n g . ~  
However, even at the low p r i c e  of $ 2.00/bbl, about $0.33/MMBtu, the raw mate-  
rial cos t  would be approximately twice that of coal. 

Crude oil, and even 

Therefore ,  although the s a m e  genera l  coal and sha le  gasification and hydro- 
genation techniques that w i l l  b e  discussed in  this paper  can be applied to  oil, and 
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even though plant investment costs  fo r  gasification of oil would be lower than for  
coal o r  shale,  the  cost of oil is much too high a t  p resent  for  consideration of it a s  
a feedstock for a baseload plant. Consequently, only those p rocesses  that a r e  
mos t  promising fo r  coal and oil shale  will be considered in  this paper .  

UTILITY GAS FROM COAL 

Coal Gasification 

An excellent summary  of pas t  work on coal  gasification and hydrogasifica- 
tion is given by C. C. von Fredersdorf f  and M. A. Elliott9 in the recent  supplemen- 
t a ry  volume of "Chemistry of Coal Utilization." No at tempt  will  be  made to review 
that f ield fur ther  i n  this paper .  

A study of the economics of coal  gasification indicates that  i t  is preferable  
t o  gasify coal under p r e s s u r e  when a heating gas  containing methane is desired.  
The only pressur ized  gasification p rocess  being used a t  the present  t ime i s  the 
Lurgi. The Scottish Gas Board i s  current ly  using i t  in  their  plant a t  Westfield,b 
and i t  is a l so  being used t o  make  gas  in Australia. The  advantage of the Lurgi 
p rocess  is that due to the p r e s s u r e  of approximately 400psig of the system, 
methane in  appreciable quantities is obtained in  the raw gas .  Inasmuch as the 
methane-forming reaction is exothermic, i t  is possible to decrease  the amount of 
oxygen fed into the gasifier.  
being fed into the top of the gasif ier  through lock hoppers, and s team and oxygen 
into the bottom of the gasifier.  Operation is nonslagging, requiring excess  s team 
t o  maintain the tempera ture  of the bottom of the gasification zone sufficiently low 
t o  avoid slagging of the ash.  

The Lurgi  process  requires  a fixed bed, with coal  

The heating value of Lurgi  gas  a f te r  purification to remove carbon dioxide 
is in  the range of 400 to 450 Btu/SCF. 
Btu gas  by employing catalytic methanation as an upgrading s tep  t o  convert hydro- 
gen and carbon monoxide to  methane following Lurgi gasification. About 600 CF 
of oxygen is required to make  1000 C F  of methane, including that methane which 
can be made by catalytic methanation of the hydrogen and carbon monoxide. 
other  gasification processes ,  where a suspension of coal  is used with oxygen and 
s t eam at high tempera tures ,  resulting in  l i t t le o r  no methane in  the product gas ,  
about 1200 C F  of oxygen is required pe r  MCF of methane. Thus, the advantages 
of the Lurgi  gas  scheme fo r  making a high-heating-value gas a r e  obvious. A raw 
gas analysis  f rom the Lurgi  gasif ier  is: 

It is possible to make approximately 1 0 0 0  

In 

COZ 30.5% 

'nHm 0.6% 
co 16.5% 
HZ 42.0% 

N2 0.8% 

H2S 1.0% 

CH4 a.6% 

Fig .  1 i s  a s imple flowsheet of the m a j o r  s teps  in the Lurgi  gasification- 
catalytic scheme to  produce gas  having a heating value of approximately 1000 
Btu/SCF. 
agglomeration of the coal  in  the gasif ier ;  conventional pre t rea tment  consists of 
mild oxidation in  the tempera ture  range of approximately 600" to 900'F. 

Using Eas t e rn  coals,  i t  would be  necessary  to p re t r ea t  the coal to  avoid 

If i t  were  necessary  a t  the present  time to convert coal t o  utility gas, we 
would have to select  Lurgi  gasification as the most  advanced commerc ia l  p rocess  
t o  accomplish this.  However, t he re  is under development a scheme using hydro- 
genation of coal that is economically m o r e  at t ract ive.  

J 
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Hydrogenation of coal t o  f o r m  methane proceeds very  rapidly above temper-  
a t u r e s  of 1400'F and p r e s s u r e s  of about 1000 psig. 
product, r a the r  than the liquids that a r e  obtained when the tempera ture  i s  lower, 
the process  i s  called hydrogasification. Ear ly  work on hydrogasification was done 
by F. J. Dent and associates  of the Gas Council in England, and has been continued 
recently i n  this country by the U. S. Bureau of Mines and the Institute of Gas Tech- 
nology. 
thermic.  Rather than attempting to control the tempera ture  within the hydrogasi- 
fication reactor  by means  of cooling coils,  a major  improvement in  the technology 
i s  injecting s t eam along with the hydrogen. 
forming reaction can be utilized by the endothermic steam-carbon reaction. Thus, 
additional hydrogen and carbon monoxide a r e  made which can subsequently be 
reac ted  catalytically to form additional methane. The effect of s team addition i s  
to dec rease  the hydrogen requi rement  to about 70 percent.  
construction i s  greatly simplified by avoiding internal heat exchange surfaces.  

When methane is the chief 

The reaction of hydrogen with carbon to produce methane i s  highly exo- 

The heat f rom the exothermic methane- 

In addition, the reactor  

The hydrogasification p rocess  can be operated with either fluidized beds o r  
moving beds with countercurrent contact. It i s  believed that pre t rea tment  of the 
coal to avoid agglomeraTtion can be avoided by dropping the fine coal par t ic les  into 
a devolatilization zone a t  the top of the gasifier. Thus, t he re  would b e  no lo s s  of 
m e  thane that would accompany p r  e t r  eatment procedures  . 

A simplified flowsheet of the hydrogasification p rocess  i s  shown in Fig. 2. 
About 50 percent  of the carbon is gasified in  the hydrogasification reactor.  The 
remaining 50 percent i s  used in  the gasifier with oxygen and s team to make hydro- 
gen for  the hydrogasification operation. The gasification step is done at  a lower 
p r e s s u r e ,  about 400 psig,  followed by a CO shift, gas purification to remove CO,, 
and then compression to  1000 psig. Steam of about equal volume i s  added to the 
hydrogen f o r  hydrogasification. 

The crude gas f rom hydrogasification i s  subjected to CO shift to  adjust the 
hydrogen/carbon monoxide rat io  to about 311 for methanation purposes,  gas 
purification t o  remove carbon dioxide and sulfur compounds, and finally, catalytic 
methanation with suitable i ron  o r  nickel catalysts.  It i s  possible to reduce oxygen 
consumption to  about 320 SCF/MCF of total  methane made  in  this  process.  

Hydrogasification and the Steam-Iron P r o c e s s  

Inasmuch a s  the cos t  of the product gas i s  greatly affected by the oxygen 
cost ,  considerable thought has  been given to development of p rocesses  that avoid 
the use  of commercially pu re  oxygen. One such p rocess  would be the combination 
of hydrogasification with a modernized version of the s team-i ron  process  to  make 
hydrogen fo r  the hydrogasification step. This sys tem i s  being investigated by a 
group of t h ree  companies: 
T ransmiss ion  Corporation, and Consolidation Coal Company in  a pilot plant of 
the Institute of Gas Technology. P re l imina ry  work on the steam-iron process  was 
done by the U. S. Bureau of Mines3 in their  Bruceton Laboratories a t  300 psig. 
The p r e s s u r e  in the Institute of Gas Technology pilot plant has been extended to 
1000 psig with greater  throughputs. 

the Consolidated Natural Gas System, Texas Eas te rn  

Hydrogasification would be c a r r i e d  out in the manner  previously described 
with the exception that a s t r e a m  of hydrogen and s team obtained f rom the steam- 
i ron  p rocess  i s  passed  direct ly  into the hydrogasification reactor.  This scheme 
i s  shown in Fig. 3. Residual c h a r  f r o m  the hydrogasification s tep i s  sent without 
p r e s s u r e  reduction to a gas  producer  in which i t  i s  reacted with s team and a i r .  
r a t h e r  than oxygen, to make producer  gas. The producer gas reduces i ron oxide, 
which i s  then reoxidized with s t eam in a separate  vessel .  

. 

4 
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Because the s team and hydrogen can be  made  available a t  elevated p r e s s u r e s  
and tempera tures ,  a considerable reduction of equipment is possible. Shifting of 
the carbon monoxide, scrubbing of the hydrogen s t r e a m  to eliminate carbon dioxide, 
and subsequent compression a r e  unnecessary.  
s t eam for hydrogasification is avoided. The main  advantage, however, is in the 
elimination of commercial ly  pure  oxygen. 
appreciable energy and can be  expanded through a turbine to compress  the air 
required f o r  the gas  producer .  In addition, the spent producer  gas may  be burned 
to provide the s t eam which is  required in the plant. 

Injection and preheating of the 

The  spent producer  gas s t i l l  contains 

Gas Costs 

Raw mate r i a l  cos ts  and plant investment fo r  gas made  by these three  schemes 
a r e  summarized in  Table 1. 
a t  this t ime, it i s  possible to  make reasonable assumptions and to estimate the 
final gas costs. The plant s ize  w a s  taken a s  90X109 Btu/day. 
es t imates  had a heating value of 12,500 Btu/lb. The pipeline gas composition was 
assumed t o  be the same  in all cases ,  and had a heating value of 987 Btu/CF.  
using a combination of iron and nickel methanation catalysts,  i t  should be possible 
to  produce a product gas that contains sufficient ethane and propane to yield a 
heating value c lose  to 1000 Btu. I t  is possible to keep carbon monoxide below 0.1 
percent.  Plant costs,  thermal  efficiencies, and final gas cos ts  a r e  given. By use  
of the steam-hydrogen process  a s  a source  of hydrogen, plant cos ts  f o r  the hydro- 
gasification plant can be reduced to about $ 4 0  million f rom the $65 million when 
hydrogen is made by oxygen-char gasification, and $90 million fo r  the Lurgi 
ins tallation. 

While data f rom pilot plants a r e  by no means complete 

Coal used in  these 

By 

Fig. 4 shows graphically the g a s  cos ts  under  the th ree  schemes,  and the 
effects of coal and oxygen upon them. F ina l  cos ts  a r e  complete and include con- 

Table 1 .-SUMMARY O F  R A W  MATERIAL REQUIREMENTS, 
PLANT INVESTMENT, AND GAS PRICE 

90X109 Btu/Day Utility Gas F rom Coal 

Coal Cost: $4.50/ton 
Oxygen Cost: $7.00/ton ( $ 0 . 3 0  MCF) 

Lurgi Gasification, Hydrogasification, Hydrogasification. 
Catalytic H2 From Char, Hz From 

Methanation Oz, Steam S t earn- Ir on 

Coal consumption, tonslday 

Oxygen consumption, tonalday 

Utility gas  analysis ,  % 
CH4 

CJH8 

Hz 
co 

. LO, 
Nz 
Heating value, Btu/SCF 

CZHb 

Plant investment, $Million 

Plant thermal efficiency, % 

Price  of gas, $IMMBtu 

6,540 

2,300 

5,220 

1,200 

4,600 

none 

91.0 __ 
3 . 0  
0.4 
3.0 

0.1 ___ 
0.5 
2.0 - 
987 

- 

90 65 40 

55 69 78 

0.95 0.70 0.52 
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ventional utility re turn  on investment,and federa l  taxes, i n  accordance with the 
procedure  recommended by the American Gas Association and summarized la te r  
in this paper. 
20-year  period. No c red i t  was taken for  byproducts. 
that with a reasonable degree  of success  in improving coal gasification technology, 
i t  would be possible to dec rease  the cost  of utility gas made from coal f rom $0.95/ 
MCF to  $0.52/MCF fo r  a 90X109 Btu/day plant. 

Plant life was taken a t  20 y e a r s ,  and gas cost i s  averaged for  the 
These estimates indicate 

UTILITY GAS FROM OIL SHALE ,I Comparison of Hydrogenation of Oil Shale and Shale Oil 

Utility gas .can  be produced f rom oil shale by two routes:  one i s  to hydro- 
genate the shale directly,  and the other is to r e to r t  the mater ia l  f i r s t  and then 
hydrogenate the shale oil. 
routes. 
hydrogen and for boiler fuel requirements .  

F igs .  5 and 6 show p rocess  schemes for  these two 
In both processes  sufficient shale is re tor ted  to provide oil for making 

The same  method for  hydrogen manufacture i s  used. Synthesis gas i s  made 

I 
by par t ia l  oxidation of shale oil, using 99 percent  purity oxygen plus 
Raw synthesis gas is scrubbed f r e e  of carbon and hydrogen sulfide p r io r  to carbon 
monoxide shift,  in  which the carbon monoxide concentration i s  reduced from 46 to  
1.3 percent.  
percent  of the process  hydrogen s t r e a m  by scrubbing with hot carbonate solution. 
P r o c e s s  hydrogen is compressed  to  hydrogasifier p re s su re ,  1000 psig. 

Following the shift reaction, the carbon dioxide is reduced to  two 

Hydrogasification of oil  shale is  ca r r i ed  out in a moving bed, with solids 
and gas  downflow at 1000 psig,  and a t  a tempera ture  range of 1050" to 1350°F. 
Although most  of the methane is produced in this step, the hydrogasifier effluent 
contains substantial amounts  of carbon monoxide. 
adjust  the H*/CO ratio to a value suitable for  methanation. P r i o r  to the la t te r  
step,  sulfur compounds, benzene, and ammonia a r e  scrubbed from the gas. 

This is catalytically shifted to 

The a l te rna te  t o  d i r ec t  hydrogenation of shale is the hydrogasification of 
sha le  oil produced b y  re tor t ing  the shale. 
fication of petroleum oils' showed that control of coke deposition f rom crude and 
res idua l  oils would b e  necessa ry  to permi t  continuous operation of a process  not 
using some means  of coke removal .  A two-step p rocess  was developed. In the 
f i r s t  step, the oil i s  catalytically hydrogenated a t  3000 psig and 780"-790'F. 
Design of this s tep  is based on work of the U. S. Bureau of Mines.''* 

Work a t  IGT on high-pressure hydrogasi- 

The hydrogasification s tep  is  based on work a t  IGT. Because of the small 
production of carbon oxides in the hydrogasification step, only final purification 
is  necessa ry  following hydrogasification of the oil. 

An init ial  comparison of the economics of the two p rocesses  on the same  
cos t  basis showed no significant difference, with p r i c e s  of 68 and 69 cents/MMBtu 
utility gas for  oil shale and sha le  oil hydrogenation, respectively. Both processes  
w e r e  designed for  hydrogentshale  o r  shale oil  ratios of 100 percent  of the stoichio- 
met r ic .  The oil shale hydrogenation design included a hydrogen-methane separa-  
tion step. 

Experimental  work on hydrogasification of oil shale subsequent to this de- . 
sign indicated that successful operation could be ca r r i ed  out a t  hydrogen/ shale 
ra t ios  much l e s s  than stoichiometric.  Utility gas plant designs based on these 
ra t ios  showed investment savings f rom both the elimination of hydrogen-methane 
separation and the reduction of the s ize  of hydrogen plants. Reduction of the hydro- 
gentsha le  ra t io  results in inc reased  carbon formation, but this is discharged with 
the spent sha le  residue and causes  no operating problem, such as the plugging of 
r eac to r  tubes, that could occur  in shale oil hydrogenation at drastically reduced 

i 

i 
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hydrogen/oil ratios.  Since the d i rec t  hydrogenation of oil shale  appeared to offer 
g rea t e r  possibi l i t ies  fo r  uti l i ty gas  cost reduction than shale oi l  hydrogenation, 
fu r the r  economic s tudies  w e r e  res t r ic ted  to  the fo rmer .  

Reaction of Oil  Shale with Synthesis Gas 

One of the problems in  kiydrogasification of oil shale  i s  the necessi ty  of p r e -  
heating.the shale  t o  about 1050°F  to  initiate the reaction. A solids downflow 
countercurrent  solids-gas flow reac tor  is ve ry  advantageous fo r  heat t ransfer ,  
allowing the hot effluent gases  to preheat  the f r e sh  shale  a t  the reac tor  top, and the 
hot spent shale  to prehea t  hydrogen a t  the bottom, However, s ince the sha.le must  
be  preheated to  1050'F, while vaporization of hydrocarbons begins a t  around 7 0 0 ' F ,  
a countercur-rent flow will' resul t  in  shale o i l  being ca r r i ed  oi:t with the product 
gas. Recovery of this  oil on spent shale,  followed by hydrogenation i n  a second 
r,eactor,  might  be done, but that would complicate and increase  the cost  oi the 
hydrogenation system. A solids-downflow cocurrent  sys tem prevents  oil ca r ry -  
over ,  but i nc reases  the hea t  t ransfer  problem. 

Experimental work in  the pilot plant was ca r r i ed  out with cocurrent  gas- 
sol ids  downflow. Adapting such a sys tem to a commerc ia l  installation would 
requi re  that e i ther  the hydrogen s t r e a m  be preheated sufficiently t o  bring the shale  
up t o  react ion tempera ture ,  o r  that  a fluidized preheat  section with internal heat- 
ing tubes be  instal led in  a section of, the reac tor .  Bringing i n  sufficient h-at v:it!i 
the hydrogen s t r eam a t  the maximum temperature  consistent with.practica1 design 
requi res  a high hydrogen/ shale  ratio, which has  been shown to be l e s s  c?esirable 
economically . 

The use  of raw synthesis gas  f rom the oil par t ia l  oxidation reac tors  ir, p la re  
of hydrogen as  the hydrogenating gas  provides a way of preheating the shale as 
wel l  as offering economic and process  advantages. 
the gas is increased  by the carbon oxides and s team which accompany the hydrcgcr; - 
required fo r  react ion,  
tempera ture  of 1050'F can be  obtained with 2500°F  synthesis  gas  f rom part ia l  
oxidation r eac to r s  i f  the shale  is preheated to  500°F. 

The hea t -car ry ing  capacity of 

Computations show that  a shale ,synthesis  gas  mixture 

The use  of raw synthesis gas  direct ly  in  the hydrogasification reac tors  has 
economic advantages in  addition to the above operating and cos t  advantages. Tha 
r a w  synthesis gas  a t  2500°F flows direct ly  f rom the par t ia l  oxidation reac tors  to  
the hydrogasifiers. 
necessa ry  to  operate  the synthesis gas  genera tors  a t  hydrogasif ier  pressl l re .  
1000 psig. This r a i se s  reac tor  cos ts ;  however, synthesis gas  cooling and scrubbing 
equipment, water -gas  shift unit, contact tower and coolers ,  and hot carbonate 
scrubbing system, would all be eliminated f rom the hydrogen sect ion in this scheme 
(Fig. 7). 

capacity can b e  maintained by increasing the s t eamlo i l  ra t io  in the par t ia l  oxida- 
tion reac tors ,  which inc reases  the amount of hot gas  fo r  a given quantity cf shale 
oil  and oxygen. 

To avoid compression of the hot synthesis  gas ,  i t  would be 

At low equivalent hydrogen/ shale  ra t ios ,  with synthesis  gas  the heat- carryi.ng 

Optimization of Hydrogen/ Shale Ratio 

A study of the economic effect of reducing the synthesis  gas l sha le  r3tlo W J S  

made fo r  equivalent hydrogen/shale  ratios ranging f rom 61 t o  0 percent  of stoich:n. 
metr ic .  Without external  hydrogen, all hydrogen must  be obtained f rom the oil 
shale,  resulting in  a low efficiency of carbon conversion. Shale prehea t  can b? 
achieved ei ther  direct ly  by a flue gas  produced by combustion with oxygen, in the 
presence  of s team, of enough oil to  produce the required amount of flue gas ,  o r  
indirectly by burning oil in  air, and passing the hot combustion gas  through heating 
tubes i m m e r s e d  in a fluid-bed sha le  preheat  section. The  la t te r  appears  t o  be a 
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cheaper  method because of t he  elimination of the oxygen plant and synthesis gas 
gene ra to r s ,  which m o r e  than compensates the added expense of indirect  preheat.  

In o r d e r  to  show the economic advantage of using synthesis gas  instead of 
p rocess  hydrogen a s  a s o u r c e  of external hydrogen supply to the hydrogasifier,  
e s t ima tes  of utility gas cos t s  when using the la t te r  were  a l so  made. These est i -  
m a t e s  covered the same  hydrogen/shale ra t io  a s  in the synthesis gas  cases ,  and 
a r e  based on cost data der ived  f r o m  the latter.  

Comparison of Costs 

The effect  of hydrogen/shale r a t i o  on utility gas p r i ce  for the two se t s  of 
e s t ima tes  is shown in Fig. 8. 
and operating charges typical of utility financing for a 20-year plant life. Both 
s e t s  of costs  pass  through a minimum a t  about one-third the stoichiometric 
hydrogen/ shale ratio. Total  plant investment and shale requi rements  a l so  pas s  
through a minimum at this point. The  existence of a minimum resul ts  f rom the 
f ac t  that as l e s s  external  hydrogen is used, incremental  dec reases  in hydrogen/ 
shale  ra t io  result  in m o r e  than proportional i nc reases  in shale required f o r  hydro- 
gasification and a l l  the attendant costs of increased  solids usage. At some point 
they overbalance the savings in hydrogen supply facil i t ies.  At the minimum price 
f o r  each method, the u s e  of synthesis  gas has  a cost  advantage of 3 cents/MMBtu 
utility gas. 

The 20-year average  p r i ce  of gas represents  capital 

Operation without external  hydrogen i s  undesirable because of the low per -  
centage of conversion of oil shale  to  gas. 

Table 2 summar izes  m a j o r  p rocess  i t ems  f o r  plant designs based on opti- 
m u m  hydrogen/ shale r a t io s  with hydrogen and with synthesis gas. Breakdown of 

Table 2.-SUMMARY O F  RAW MATERIAL REQUIREMENTS, 
PLANT INVESTMENT, AND GAS PRICE 

90X109 Btu/Day Utility Gas F r o m  Oil Shale 

Oil Shale Cost: $0.72/ton 
Oxygen Cost: $7.00/ton ($0.30/MCF) 

Reaction With Reaction With 
Hot Synthesis Gas P r o c e s s  Hydrogen 

32.5% Stoich HZlShale 36% Stoich Hz/Shale 

Oil shale (40 gal l ton)  
consumption, tons 1 day 22,312 24,866 

Oxygen c ons umption, tons I day 

Utility gas ana lys i s ,  % 

1,165 

CHI 79.5 

CZHb 5.9 
H2 10.0 

co 0.1 

coz 0.8 

N2 3.7 

Heating value, BtulSCF 942 

Plant  investment, $Million 57.1 

Plant  thermal eff ic iency,  % 65 

P r i c e  of gas ,  $/MMBtu 0.56 

798 

86.4 

3.3 

4.3 

0.1 

0.9 

5 . 0  

947 

60.2 

59 

0.59 
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plant shale requirements  in tonslday for the two designs is: 

Synthesis Gas Hydrogen 

Hydrogasification 12,780 13,852 
Synthesis Gas o r  Hydrogen 6,156 5,436 
Retorting for Fuel  3,376 5,578 

When p rocess  hydrogen i s  used t o  hydrogenate oil shale, m o r e  shale is 
required in the hydrogasifier and l e s s  i s  re tor ted  fo r  shale oil than when synthe- 
sis gas is used  for hydrogenation. 
CO shift,  making i t  necessary  to gasify more  oil. 
from 2 8 0 0 ”  t o  1050°F during mixing with shale, only about 14 percent  of the c a r -  
bon monoxide is shifted by reaction with the water  present.  
produced as a separa te  s t r eam,  96 percent  of the carbon monoxide is catalytically 
shifted at a lower tempera ture  and with a high s team/carbon monoxide ratio. 
With synthesis gas, m o r e  of the methane is produced by methanation of CO in the 
hydrogasifier effluent. than when p rocess  hydrogen is used (20 percent  over 13 
percent).  This requi res  l e s s  shale to be  handled in the hydrogasifier system. 

With synthesis gas l e s s  hydrogen is made by 
When the synthesis gas is cooled 

When hydrogen is 

Elements of Utility Gas P r i c e  

Fig. 9 shows graphically the proportions of utility gas p r i c e  represented 
by oil shale and oxygen, as raw mater ia l s ,  as separa te  i t ems  f r o m  the total of 
capital and operating costs for the r e s t  of the plant. For the studies on which 
these cost  es t imates  a r e  based, a mined shale pr ice  of $0.72/ton was used. At 
this pr ice  i t  represents  about one-third of the utility gas pr ice .  Oxygen a t  $ 7 1  
ton (including excess  capacity) is one-sixth and one-tenth of the gas  pr ice  for the 
synthesis gas and hydrogen p rocesses ,  respectively. These two elements  r ep re -  
sent about one-half the gas price.  

Shale Mining Costs and Shale Richness 

The mined sha le  p r i ce  of $0.72/ton was based on information supplied by 
Cameron and Jones,  Inc., fo r  a daily mining capacity of 25,000 tons. 
allow fo r  the possibility of variations in the cost of mined shale on gas pr ice ,  
Fig. 1 0  shows gas p r i ces  as a function of mined shale cost. 

In o rde r  t o  

The cos t  estimates presented  in this paper  a r e  based on 40 gal/ton Colorado 
oil shale. 
to plants manufacturing utility g a s  f rom oil shale, except through selective mining 
of wide a reas .  

This i s  probably a higher quality raw mater ia l  than would be available 

The use  of leaner  shale increases  the burden of unreactive rock that has to  
be mined, ground and sized, and processed  in an oil shale conversion plant. 
mation of the effect of this on utility gas p r i ce  is:  

Esti-  

Shale quality, gal/ton Utility gas pr ice ,  $/MMBtuu 

40 0.556 
3 0  0.6 58 
25 0.746 

In summary,  utility gas can be manufactured by the hydrogasification of oil 
shale a t  reasonable cost. 
cost  of utility gas is the hydrogedsha le  ratio, with the optimum value being about 
one-third the stoichiometric value. 
point, the bes t  way to supply hydrogen is by synthesis gas. 
quantity exer t  a g rea t e r  effect on gas costs than any of the individual process  
steps. 
is i n  solids handling. As oil  shale richness dec reases ,  the solids-handling prob- 
lem becomes more  important  and might make  oil  hydrogasification more  

The most  important  p rocess  var iab le  influencing the 

F r o m  both a n  operating and economic stand- 
Oi l  shale pr ice  and 

The ma jo r  problem in making utility gas f rom oil shale,  in contrast  to coal, 
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a t t r ac t ive  i f  i t  could be c a r r i e d  out at low hydrogen/oil  ratios. 
accomplished in a fluidized o r  moving coke bed a s  a means of removing carbon. 

Correlat ion of Utilitv Gas P r i c e ,  Investment. and F o s s i l  Fuel Cost 

This might be  

The utility gas  p r i c e s  p re sen ted  in this  pape r  are 20-year average p r i c e s  
computed by  an accounting p rocedure  developed by the General  Accounting Commit- 
t ee  of the American Gas Association. This procedure is based on the financing of 
uti l i ty gas  plants a t  65 pe rcen t  debt and 35 percent  equity. Straight-line deprecia- 
tion i s  a s sumed  over  a 20-year  per iod and in t e re s t  a t  5 percent  on the outstanding 
debt i s  charged. Seven p e r c e n t  r e tu rn  on undepreciated fixed investment i s  
assumed.  The 20-year effective average capital  charge composed of federal  
income tax, debt, and net  income amounts to  about 5.8 percent.  State and local 
taxes  and insurance a r e  taken a t  3 percent  and annual depreciation at 5 percent.  
This  procedure has been p rogramed  for  computer operation. 

Fig. 11 presents  a general ized correlat ion of utility gas pr ice  v e r s u s  total 
capital  investment for  a 90X l o 9  Btu/day plant a t  var ious levels of f o m e l  cost. 
The l a t t e r  p a r a m e t e r  is the cost  of the fossi l  fuel (coal, shale, o r  oil) in $/MMBtu 
a s  fed to the plant, divided by the overal l  plant t he rma l  efficiency of conversion 
to utility gas .  

F r o m  a number of c o s t  e s t ima tes  of plants for  making utility gas  f rom coal 
and oil  shale ,  relations between operating labor and daily ma te r i a l  charges  other 
than fossi l  fuel a s  percentages of equipment investment were  der ived fo r  purposes 
of correlation. Operating l abor  and daily ma te r i a l s  w e r e  taken as 2 and 0.5 p e r -  
cent,  respectively,  of total  equipment, or b a r e  cost. No byproduct c r ed i t  is included. 
Capital  investment is the b a r e  cost  plus contractor 's  overhead and profit,  interest  
on fixed investment, and working capital. 

Effect of Plant  Size 

Size of plant can have an appreciable  effect on gas  costs. A plant of only 
9OX1O9 Btu/day is not l a r g e  enough t o  achieve the best  economy. This is equiva- 
lent in product p rocessed  on a Btu bas i s  to  a petroleum refinery of only about 
15,000 bbl/day capacity. the petroleum 
industry by increasing the s i z e  of ref iner ies  to  50,000-100,000 bblrday. It would 
be reasonable  that coal gasification plants located a t  the mine would operate  more  
economically i f  the s i z e  w e r e  inc reased  to 300-400X109 Btu/day. La rge  pipelines 
readily t r anspor t  500-600x1 O9 Btu/day. 

The cos t  p e r  unit of product is reduced b 

Fig. 12 was p repa red  t o  show the effect of l a r g e r  plants on the product gas 
cost. The effect of increasing the plant s i ze  on the unit cost ,  exclusive of fuel 
cost ,  w a s  based o n  plant investment as a function of the 0.8 power of plant capacity. 
The raw ma te r i a l  cost ,  coal  o r  shale,  was $0.23/MMBtu. All other  costs  were 
then a s sumed  to v a r y  a s  the 0.8 power of plant s ize .  
s e r v e s  t o  i l lustrate  the savings possible with l a r g e r  plants,  Gas that costs  $0.601 
MMBtu with a 90X lo9 Btulday plant would cost  about $0.50 with a 4O0X1O9 Btulday 
plant (Curve A), and $0.50 gas  f rom the sma l l e r  plant would cost  $0.43/MMBtu 
with the l a r g e r  plant (Curve B). 
f r o m  the s team-iron p r o c e s s  could be reduced f rom $0.52 to about $0.445/MMBtu. 

This is a simplication, but 

Gas made f rom hydrogasification with hydrogen 

It is interesting t o  note that with the foregoing assumption of the 0.8 power, 
the investment cost  of a coal-to-gas plant would be l e s s  than that of a 30-inch 
pipeline, 1 ,000  miles  long, for equal daily capacit ies.  
would be required to br ing gas  f r o m  Louisiana as far eastward as the coal fields 
of West Virginia. 

This length of pipeline 
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INTRODUCTION 1 i 
Petroleum and na tu ra l  gas production i n  the  United S ta tes  is under continuous 

study by organizations, both p r iva t e  and public, concerned with our energy supply. 
Over t he  years these s tud ies  have l e d  t o  many predic t ions  as t o  when synthetic l i q -  
u id  f u e l s  would be needed. 
petroleum, the excess of demand over supply coming from abroad. 
ample, 1.402 b i l l i o n  ba r re l s  were produced and 1.486 b i l l i o n  ba r re l s  were consumed. I 

Although there  i s  no need t o  produce l i q u i d  fue l s  synthe t ica l ly  a t  the  present time, 
it is comforting t o  have the  know-how, j u s t  i n  case. Coal and o i l  shale a r e  the  1 

l o g i c a l  r a w  materials since ou r  mineable reserves a r e  equivalent t o  t r i l l i o n s  of 
b a r r e l s  of o i l ,  much of it near  a reas  of consumption. 

"1 

1 
4 
I 

In  the  1940's the  United S ta t e s  became a ne t  importer of 
In 1941, f o r  ex- 

During the  war years t he re  was grave concern about our petroleum reserves, and 
a seview of t he  f a c t s  a t  congressional hearings l e d  t o  the  Synthetic Fuels Act of 
1944. From the  research program supported by this l e g i s l a t i o n  came s ign i f i can t  de- 
velopments i n  the  processing of o i l  shale and the  hydrogenation of coa l  and carbon 
monoxide. The labora tor ies  at R i f l e ,  Colo., and Laramie, Wyo., demonstrated im- 
proved mining methods and techniques f o r  the  conversion of o i l  shale t o  hydrocarbon 
products. A t  Bruceton, Pa., and Morgantown, W. Va., l a rge  research programs were 
car r ied  out t o  demonstrate t he  methods of hydrogenation. A t  Louisiana, Mo., the  
demonstration p l an t  contained a semi-commercial u n i t  f o r  the  hydrogenation of coa l  
and the l a t e s t  concept, a t  that t i m e ,  f o r  the  hydrogenation of carbon monoxide. 
coa l  hydrogenation un i t  could produce 200 ba r re l s  product a day, and over 1.5 m i l -  
l i o n  gallons of gasoline were produced of which l mi l l ion  gallons were f l e e t  t e s t ed  
by the armed services.  Once the  demonstration units a t  Ri f le  and Louisiana were i n  
operation, economic s tudies  were s t a r t ed ,  ear ly  estimates indicated cos t s  of 9 cents 

coal. 

The 

n f o r  gasoline from o i l  sha le  and 14.5 cents  a gallon f o r  gasoline from 

In the  period between 1949 and 1953, the economics of synthetic l i qu id  fue l s  
was evaluated by the  Bureau of Mines, the National Petroleum Council, Ebasco Ser- 
v i ces ,  Inc., and the Bechtel Corporation. These s tudies ,  although s t a r t i n g  with 
t h e  same bas ic  technological concepts, produced r e s u l t s  which varied considerably. 
Some of t he  accountable d i f fe rences  a r e  found i n  the  f inanc ia l  s t m c t u r e  assumed 
f o r  the  p lan ts ,  the  re turn  on investment an t ic ipa ted ,  and the cos t  of the  mine, 
s t a r t u p  expenses, byproducts, and roya l t i e s .  However, there  w a s  one de f in i t i ve  
conclusion--none of the processes could produce a f u e l  t h a t  could compete w i t h  
petroleum. 

The National Petroleum C o u n c i d  a r r ived  a t  the  following s e l l i n g  pr ice  f o r  
gasoline a t  the  refinery: 



Oil shale 
Gas synthesis 
Coal hydrogenation 

14.7 cents a gallon 
29.4 cents a gallon 
36.3 cents a gallon 

These costs assume 6 percent return on investment after taxes and limited credit for 
byproducts. Although gasoline from shale can be produced at a lower cost, the areas 
suitable for production are remote from major markets and transportation costs to 
the west coast would increase the delivered price. 

Deve1opme:iL of the processes for  the formation of liquid fuels were continued 
under the Syllthetic Liquid Fuels Act until1955. Research was then continued as 
part of the Bureau's minerals research and development programs. 
plants were discontinued in 1953. 

The demonstration 

Other processes that might be a source of liquid fuels were part of the research 
program. Particular attention was given to low temperature carbonization where the 
yields of o i l  and tar  may be relatively high. However, like the synthesis processes, 
fuels made by chrbonization are not economically competitive today. 

The overall objectives were clear: For synthetic fuels to be competitive, major 
cost reductions were necessary; for conservation of resources, technology had to be 
improved; f o r  national security, one or more processes should be on the verge of 
comercial development. 

Coal Hydrogenation 

Improvements in the direct hydrogenation of coal were geared to making the proc- 
ess less costly by looking for cheaper sources of hydrogen, improved catalysts, less 
severe operating conditions, and reaction schemes that would simplify the overall 
plant. Good catalysts were found that could be applied in very low concentrations, 
but impregnation of the dry coal was required. Ehphasis had been placed on the use 
of dry coal to eliminate the costly steps in paste preparation and handling. Al- 
though conversion of the coal was high, the distillable oil product still required 
fcrther processing to make it stable enough to be used as an automotive or aircraft 
fuel. Thus only negligible savings could be demonstrated. An attempt to eliminate 
some of the refining was made by hydrogenating coal in a high temperature, one-step 
process. 
unless the catalyst concentration was low, but then coking occurred. 

The reaction rate could not be controlled at temperatures above 480" C 

Another approach was to provide longer reaction times at a much lower pressure 
and to use more catalyst. It was demonstrated that the conversion of hvcb coal at 
2000 psig was about the same as that obtained at much higher pressures and that a 
distillable oil yield of the same magnitude could be recovered. Coal conversions, 
f o r  example, were around 95 percent at 2000 psig, and the average yields of dis- 
tillable oil were about 65 percent. A further consideration was the anticipated 
trend to gas turbines and heavier fuels ;that require less refining. It has been 
demonstrate 
1500 psig.27 Economic gains could be realized from the reduced pressure operation 
requiring less gas compression and lighter construction. 
partially offset by the increase in reactor volune required. Rough estimates in- 
dicated that the price of a gallon of distillate could be reduced from the Npc base 
figure of 36 cents per gallon to about 25 cents per gallon--a considerable saving 
but still fsr from competitive with gasoline from petroleum at 10 to 12 cents a 
gallon. 

that heavy fuel oils could be produced by hydrogenation as low as 

These advantages were 

Gas Synthesis 

m e  hydrogenation of carbon monoxide to liquid fuels is a gas phase catalytic 
process with several reaction systems possible. 
fixed beds with low throughput, but it was not long before improved reactors were 

The first reaction systems were 
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develoged. Among the  l a t e r  systems were the f lu id ized  bed, o i l  c i rcu la t ion ,  s lur ry ,  
and hot  gas recycle. Fluidized bed reac tors  were not invest igated by the Bureau of 
Mines f o r  the synthesis react ion :)ecause pr iva te  industry w a s  developing them. The 
Bureau concentrated on the  l a t t e r  zkiree processes t o  evaluate effect iveness ,  l i f e ,  
and s e l e c t i v i t y  of c a t a l y s t s  and economics of the  systems. For one reason o r  another 
a l l  were eliminated except the  hot  gas recycle process which has prevai led because 
of ca t a lys t  shape developments which reduced pressure drop t o  a negl igible  value and 
o;.eracing f l e x i b i l i t y .  Even a t  high recycle rates of 10 t o  30 volumes of recycle gas 
per  volume of f resh feed gas, t he  recompression cos ts  r e m i n  r e l a t ive ly  low. The 
improvements t h a t  made the d i f fe rence  were ac t iva ted  steel l a t h e  turnings having 
about 95 percent of void space i n  a reactor ,  p a r a l l e l  p l a t e  assemblies with the cata- 
l y s t  flame sprayed on t h e  surface,  and t he  l a t e s t  operable system which merely has 
t he  ca t a lys t  flame sprayed on the  wall of the  reactor .  Heat t r ans fe r  problems i n  the 
las t  configuration a r e  l imi ted  t o  the r a t e  a t  which the  heat  o f  react ion can be trans- 
ferred through the  pipe wall .  Reactors of t h i s  advanced type a r e  more ve r sa t i l e  than 
previously mentioned designs because they may be used f o r  l i q u i d  o r  gas production. 
The o ther  systems capable of t h i s  b i - func t iona l i ty  a r e  the  f l u i d i z e d  bed and f ixed  
bed reactors .  The product composition can be a l t e r e d  by changing the  ca t a lys t  com- 
pos i t ion  or sometimes i t s  pretreatment t o  mdse l i qu id  or gaseous hydrocarbons or  
oxygenated compounds. Regardless o f  t he  react ion system, it s t i l l  takes  about 650 
cubic f e e t  of synthesis gas t o  make a gal lon of l i qu id  product and 4000 cubic f e e t  
of carbon monoxide and hydrogen t o  make 1000 cubic f e e t  of methane. 
t hes i s  gas cos t  of 1 5  cents  p e r  thousand cubic f e e t  from coal  a t  $4 a ton, the con- 
t r i bu t ion  of gas t o  the  t o t a l  cos t  i s  already 9.8 cents  per gallon, o r  60 cents  per 
1000 f e e t  of high Btu gas. 

Using a syn- 

O i l  Shale 

Shales that w i l l  y i e l d  o i l  on pyrolysis  a r e  widely d i s t r ibu ted  i n  the  United 
S ta tes ,  but  t he  deposi t  of most immediate i n t e r e s t  as a possible  source of l i qu id  
fue ls  i s  i n  Colorado. This depos i t  i n  the  Green River Formation is the  world's  
l a r g e s t  reserve of hydrocarbon material .  The deposi t  i n  Colorado i s  the  smallest  
i n  area, 3bout 1,500 square miles ,  but  represents  the  l a r g e s t  reserve,  about 600 
b i l l i o n  ba r re l s  of o i l  i n  beds t h a t  w i l l  y ie ld  an average of 25 gal lons per  ton.21 
The Utah and Wyoming depos i t s  have not been completely evaluated but represent 
roughly 120 b i l l i o n  and 40 b i l l i o n  ba r re l s  of o i l ,  respect ively.  The o i l  produced 
d i f f e r s  from petroleum i n  some important respects,  but  it can be ref ined by su i t -  
ab l e  processes t o  y ie ld  l i q u i d  fuels and other products now obtained f r o m  petroleum. 

Mining cos ts ,  computed fiur'ng the  period of operation i n  the  l94O1s, ranged be- 
tween 47 and 56 cents p e r  ton.27 They included underground labor ,  suppl ies ,  depre- 
c i a t ion ,  taxes,  and adminis t ra t ive  overhead. It i s  d i f f i c u l t  t o  t r ans l a t e  these 
cos ts  t o  the present because improvements i n  mining techniques and equipment, such 
as ro t a ry  d r i l l s  and ammonium n i t r a t e  based explosives,  tend t o  o f f s e t  increased 
labor  cos ts  and cap i t a l  investment. 
t o  c l i f f - f ace  loca t ions  i n  t he  Colorado River drainage area.  Most of t h t  huge re- 
serve i n  the  Piceance Creek basin o f  Colorado i s  i n  thicker  beds away from the c l i f f  
face and w i l l  require  the  development of spec ia l  techniques f o r  recovery. 

The mining method as developed is applicalbe 

The Bureau and several  cooperating organizations have conducted crushing t e s t s  
on o i l  shale ,  using jaw,  gyratory,  impact, and rol l - type equipment. Resulting data  
have proved usefu l  f o r  some design purposes but  a r e  probably inadequate for  exact 
design of a commercial o i l - sha le  crushing plant .  
shale  tends t o  form s l abs  t h a t  present screening and handling problems. 

The tough, e l a s t i c  Green River o i l  

More than 2,000 o i l - sha le  r e to r t ing  systems have been patented throughout the 
vorld,  but these may be grouped i n t o  a few c lasses  on the  bas i s  of method of heat 
t r a n s f e r  (Table 1). 
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TABU 1.- Class i f i ca t ion  of r e t o r t s  

I. Heat i s  t ransfer red  t o  the shale through a w a l l .  
11. Heat i s  t ransfer red  t o  the  shale from,combustion of product gases and res idua l  

carbon within the r e to r t .  
Heat i s  t ransfer red  t o  the sha le  by passing previously heated gases o r  l i qu ids  
through the  s l i d e .  
Heat i s  t ransfer red  t o  the sha le  by mixing it with hot so l ids .  

111. 

IV. 

No single process is  bes t  f o r  use under a l l  conditions. Research i s  being con- 
ducted by both Government and industry i n  an e f f o r t  t o  develop the  technology needed 
t o  produce fue ls  economically from Green River o i l  shale. Three processes have re- 
ceived most recent a t ten t ion .  Two of these,  the gas-combustion process developed by 
the  Bureau of Mines and the  process of Union O i l  Company of Cal i forn ia ,  use combus- 
t i o n  gases fo r  heat,  whereas the  t h i r d  one, a process developed by the  O i l  Shale 
Corporation (Tosco), r e t o r t s  the shale by contact with heated ceramic o r  metal b a l l s .  

I n  the gas-combustion process an upward-flowing stream of gas contacts a de- 
scending bed of broken shale. Recycled product gas en ter ing  the bottom of the re- 
t o r t  absorbs hez t  from the r e to r t ed  shale.  A t  an intermediate point,  a i r  i s  in t ro-  
duced t o  burn the gas and some res idua l  carbon on spent shale. The hot gases heat 
the  sha le  t o  produce o i l  t h a t  leaves the r e t o r t  with the  gases as a f i n e  m i s t .  A t -  
t r x t i v e  fea tures  of t h i s  process a r e  high thermal efficiency, o i l  y ie ld ,  and re- 
t o r t i n g  ra te .  Development o f  t h i s  process w a s  discontinued in  1956 before i t  had 
been completely oerfected but  has recent ly  been resumed a s  the  r e s u l t  of leas ing  
the  Anvil Points F a c i l i t i e s  of the  Department of I n t e r i o r  t o  the Colorado School 
of Mines Research Foundation. 
Socony Mobil O i l  Company and Humble O i l  and Refining Company are  conducting research 
t o  complete development of the  process. 

Through a subsequent contract  with the  Foundation, 

The Union O i l  Company r e t o r t  i s  a countercurrent, moving bed type in  which a 
rock pmg a t  the  base of the  r e t o r t  forces  the shale upward through the  r e t o r t .  
Heat for r e to r t ing  i s  produced by the combustion of the carbon on the  spent shale 
using a i r  drawn dolm through the r e t o r t .  
r e to r t ing  zone a re  condensed on the  cold shale i n  the lower pa r t  o f  t he  r e t o r t .  
This process has e s sen t i a l ly  the same advantages a s  the  gas-combustion process. 

O i l  vapors i n  the gas stream leaving the  

The Tosco process u t i l i z e s  a horizontal  ro ta t ing  k i l n  i n  which pulverized r a w  
sha le  i s  heated by contact wi th  preheated, c lose ly  sized metal o r  ceramic ba l l s .  
Carbon residue on the spent shale is used a s  f u e l  f o r  reheating the  b a l l s .  This 
r e t o r t  w i l l  presumably form the  b a s i s  f o r  commercial operations that have been an- 
nounced by Zolony Development Corporation, which is  a j o i n t  venture of Standard O i l  
Company of Ohio, Cleveland C l i f f s  Iron Company, and the  O i l  Shale Corporation. 

A s  an a l t e rna t ive  t o  the  preceding processes, r e to r t ing  o i l  shale i n  place i n  
Because t h i s  approach involves a d i f f e r e n t  s e t  of the  formation i s  a poss ib i l i t y .  

cos t s  from those f o r  mining, crushing, and surface re tor t ing ,  it. may be a more eco- 
nomicA way t o  produce shale o i l .  
not readi ly  amenable t o  the mining approach and would eliminate the  necess i ty  f o r  
disposing of spent shale. However, development of the process presents  formidable 
research problens. For example, o i l  sha le  i s  e s sen t i a l ly  impermeable, so one of 
-the f i r s t  problems is  t o  c rea te  and maintain su i tab le  permeability. Fracturing by 
conventional petroleum techniques and by nuclear explosives i s  being investigated.  
One drawback i s  t h a t  o i l  shale expands when heated and may r e su l t  i n  the closing 
of the required combustion. path. 

Further, it should be applicable t o  many deposits 

O i l  prcduced from shale of t he  Green River Formation frequently has properties 
t h a t  require the appl ica t ion  of degradation grocesses, such as visbreaking, before 
the o i l  can be transported conveniently by p ipe l ine .  Also, these proper t ies  present 
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some problems i n  the  app l i ca t ion  of standard petroleum re f in ing  processes. For ex- 
ample, t h e  nitrogen content of 2 percent,  which i s  pa r t i cu la r ly  high by petroleum 
standards,  reduces the e f f i c i ency  of ca t z ly t i c  processing techniques, and i t s  pres- 
ence i n  products promotes i n s t a b i l i t y .  Hence, spec ia l  r e f in ing  techniques a r e  re- 
p i r e d .  Hydrogenation i s  an e f f e c t i v e  process$/ f o r  removing nitrogen, su l fu r ,  and 
oxygen from shale o i l  and f o r  producing exce l len t  y i e lds  of high quz l i t y  je t ,  die- 
s e l ,  and d i s t i l l a t e  fue ls .  
stocks f o r  c a t a l y t i c  cracking and reforming p r o c e s s e d  and may be su i t ab le  for use 
ir manufacturing lubr icants .  Because of t he  p o t e n t i a l i t i e s  of hydrogenation, most 
oi the  Bureau's recent r e f i n i n g  research has been devoted t o  t h i s  method. 

Such hydrogenated o i l s  a l s o  a r e  sa t i s f ac to ry  charging 

1 Because sha le  o i l  d i f f e r s  i n  composition from most petroleums, converting it 
to  some products may r e s u l t  i n  byproducts not commonly obtained from petroleum, a t  
least not  i n  a s  la rge  quan t i t i e s .  Among these  may be phenols, pyridines,  and am- 
monia. Others t h a t  a r e  a l s o  commonly obtained from petroleum a r e  hydrogen su l f ide ,  
su l fu r ,  and spec i f i c  o l e f i n i c  or aromatic hydrocarbons. 

Because 1 In  addi t ion  t o  the  by- 
products from sha le-o i l  processing, o thers  may result from the  r e to r t ing  process. ( 

.I 

,' 
the  exact byproducts obtained in  any commercial operation w i l l  depend on 

' d e t a i l s  of the process used, t h e i r  impact on the  process i s  d i f f i c u l t  t o  pred ic t .  

Bituminous Sands and Other Hydrocarbons 

Deposits o f  outcropping bitumen-impregnated rocks and near-surface deposits o f  
heavy crude o i l s  i n  the  United S ta t e s  a re  a t t r a c t i n g  a t t en t ion  as sources of fue ls .  
I n t e r e s t  i n  bituminous sand depos i t s  of t h e  United S ta t e s  stems from extensive stud- 
ies of t h e  world's  l a r g e s t  deposit--the Athabasca tar sands i n  Canada--that cul-  
minated i n  a commercial 45,000-barrel-per-day p l an t  now being constructed by Great 
Canadian O i l  Sands, L t d . ,  i n  northeastern Alberta Province. 

/ 

The sca t t e red  occurrences of bitumen-impregnated rocks i n  the United S ta t e s ,  
including Alaska, have not  been evaluated i n  d e t a i l ;  t e n t i a l  reserves in  place 

p o s i t s  i n  Utah, Texas, and Ca l i fo rn ia  represent about 2 t o  3 b i l l i o n  ba r re l s  of 
bitumen i n  place.  A survey of information ava i lab le  on these domestic occurrences 
has been made by Ball Associates,  Ltd., under a cont rac t  w i t h  t he  Bureau of Mines. 
Results of the  survey w i l l  be published. 

are roughly estima.ted t o  be about 10 b i l l i o n  barrels,-  87 of which the l a rges t  de- 

The only commercial production of f ie ls  from a nonconventional source u t i l i z e s  
g i l s o n i t e ,  a hydrocarbon occurring i n  l imi ted  quantity i n  the  Uinta basin i n  Utah.2/ 
For seve ra l  years,  the American Gilsonite Company mined about 1,000 tons  of g i l son i t e  
d a i l y  and transported the  crushed s o l i d  mater ia l  i n  a water s l u r r y  72 miles by pipe- 
l i n e  t o  i t s  refinery.  E f f i c i e n t  hydraulic methods developed f o r  mining and trans- 
por t ing  t h e  g i l son i t e  , including boring machines f o r  d r i l l i n g  large-diameter (up t o  
62 inches) tunnels and sha f t s ,  o f f e r  advantages f o r  recovering other minerals such 
as coal.  A t  the refinery,  t h e  crushed g i l son i t e  i s  melted, mixed with hot recycle 
o i l ,  and re f ined  in to  1,700 b a r r e l s  of gasoline and 300 tons of metallurgical grade 
coke per  day. 

For seve ra l  years na tu ra l  gas was considered as the  r a w  m t e r i a l  f o r  t he  pro- 
duction of synthe t ic  l i q u i d  f u e l s  and waxes using the Fischer-Tropsch synthesis.  
the 1940's na tu ra l  gas had not ye t  become the preferred f u e l  f o r  home heating and 
i n d u s t r i a l  f i r i n g ,  p a r t l y  because an adequate p ipe l ine  system was not  i n  existence. 
Large quan t i t i e s  of na tu ra l  gas near the  source of supply could be contracted f o r  
a t  about f i v e  cents  per thousand cubic foot .  
cubic f e e t  per year. 
veloped workable processes f o r  converting na tu ra l  gas t o  higher hydrocarbons and had 
worked out  most of the ana lyses  of t h e i r  products. The only domestic synthe t ic  l iq -  
u id  f'uel p lan t  t o  get of f  t h e  ground ms t h e  one b u i l t  at Brownsville, Tex., by 

In  

Consumption was around 2 t r i l l i o n  
Most of t h e  major o i l  companies and engineering companies de- 

Carthage Hydrocol i n  1950. The h o c 0  Chemicals Corp. took over the p l an t  i n  1953 4 
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and a f t e r  engineering modifications declared the  process as being technica l ly  sound. 
However, by 1957 the consumption of na tura l  gas had r i s e n  t o  10 t r i l l i o n  cubic f ee t .  
Raw mater ia l  and o ther  cos ts  made the process uneconomical, and the  p lan t  a t  Browns- 
v i l l e ,  Tex., w a s  shut down i n  1957. 

Today the  only l a rge  synthe t ic  f u e l s  p l an t  known t o  be i n  operation i s  the 
SASOI, p lan t  near Johannesburg, South Africa. 
reported t o  be in  the  black and expansion is  continuing. Economic operation i s  pos- 
s i b l e  only b e c x s e  the  coa l  i s  inexpensive and t ranspor ta t ion  cos t s  a r e  high t o  
bring getroleum groducts from the  coast. Coal i s . de l ive red  a t  the p lan t  f o r  less 
than $1 a ton. Gasoline s e l l s  f o r  25 cents per  gallon a t  the re f inery  yielding a 
net p r o f i t  of about 8 cents a gallon. 
SASOL u n i t s  come from the s a l e  of byproducts used for the manufacture of synthetic 
rubber, p l a s t i c s ,  %axes, and f e r t i l i z e r s .  

Af te r  severa l  years the  operation i s  

About 40 percent of the  revenue from the 

The Office of Coal 3esearch, established i n  1961, includes l i q u i d  f u e l s  as one 
of i t s  objectives.  An ea r ly  contract  w a s  with the  FMC Corp. t o  convert coa l  by 
multistage carbonization i n t o  a l i qu id  mater ia l  t o  car ry  the  char and o ther  pa r t i -  
c l e s  i n  -7. :Jigeli:?e. 
3 100 lb ger  hoilr p l a t  ;?as scheduled for opera t ion .g?  One of the  experimental 
objectives has been t o  convert a s  much as possible of the 41 percent of v o l a t i l e  
matter i n  Elk01 coal t o  l i q u i d  products. 
l e s s  than half the estimated t o t a l .  

By 1964 small sca le  laboratory t e  t s  had been completed, and 

The highest  tar  y i e lds  reported have been 

The General E lec t r i c  Co. had planned t o  use a high-voltage corona discharge a s  
an agent i n  the  hydrogenation of coal i n t o  a l i q u i d ,  gas,  or chemicals. Smal l  sca le  
experiments indicated t h a t  i n su f f i c i en t  ac t iva t ion  was produced by the  corona d i s -  
charge, and work o a l a r g e r  sca le  has been suspended. h economic estimate pre- 
sented las t  year$ indicated that the break even point w a s  at  a product s e l l i ng  
pr ice  of 2 cents per pound and a corona e f f ic iency  of 1.5 kwh/lb coa l  reacted. 

Project gasoline was f i r s t  evaluated by the  Kalyh M. Parsons Co. and was con- 
sidered t o  be feas ib le .  The process as proposed by the Consolidation Coal Co. con- 
s i s t s  pr inc ipa l ly  of ex t rac t ion  of a l a r g e  part of coa l  i n  a recycle solvent,  f i l -  
t r a t i o n ,  separation of the ex t r ac t  from the recycle o i l ,  and upgrading of the ex- 
t r a c t  by ca t a ly t i c  hydrogenation. 
time indicate t h a t  a commercial plant could make gasoline a t  a cos t  of 13.6 cents 
a gallon& Hydrogen i s  a cos t ly  item i n  the  process, and another OCR contract  
with the MHi, Research Corp. an t i c ipa t e s  the  production of hydrogen i n  a plasma f o r  
25 cents per thousand cubic f e e t  compared with 40 cents  or more per thousand cubic 
f e e t  by conventional methods. 

Estimates based on s tudies  up t o  the present 

The At lan t ic  Refining Co. has proposed a process t o  mix coal and res idua l  f u e l  
and t o  treat the mixture as a re f inery  feed stock. 
i n  an e lec t r ic -genera t ing  s t a t ion .  It  i s  estimated t h a t  t he  combined feed t o  the  
coking u n i t  would recover about 30 percent of the  coa l  as l i q u i d  product, thereby 
reducing the mount of crude charged t o  the re f inery  by about 30 percent. 

The coke residue would be burned 

Conclusions 

Supplies of crude petroleum and na tu ra l  gas,  although abundant, a r e  not in- 
exhaustible, and provision i s  being made f o r  t he  time when our vas t  coal and o i l  
shale reserves w i l l  be ca l led  upon t o  supply a s ign i f i can t  q a n t i t y  of l i qu id  fuels.  
The Bureau's approach on coal  research has been t o  continue theo re t i ca l  and p r a c t i c a l .  
s tud ies  t o  reduce cos ts  by improving stages i n  the  process o r  by developing n e w  proc- 
esses.  A f l ex ib l e ,  in tegra ted  p lan t  might emphasize production o f  d i f f e r e n t  fue l s  
or byproducts under d i f f e r e n t  economic conditions and even a t  d i f f e r e n t  times of the 
year. To reduce hydrogen requirements, an a l t e r n a t i v e  i s  the  partial conversion of 
coal whereby most of the hydrogen is  u t i l i z e d  as a hydrocarbon product. 
product i s  used for generating power or making addi t iona l  hydrogen by gas i f ica t ion .  

The char 
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In recent  years, o i l  shale  research by the Bureau of Mines has been l imited t o  
small sca l e  laboratory s tudies  on re f in ing  and ana lys i s .  
commercial development have been resumed within the  last  year. 
ducing gasol ine from o i l  shale  i s  almost competitive with gasoline from petroleum 
on the  west coast .  One of the  main problems is the  i so la ted  loca t ion  of major 
deposi ts .  

Large sca le  research and 
The cos t  of pro- 

The recent  process  developments discussed have added more t o  ref ined tech- 
nology r a the r  than provide s i g n i f i c a n t  savings i n  cos t .  As research i s  continued, 
more savings w i l l  probably be shown but  not la rge  ones unless  they occur i n  the  
a reas  of gas i f ica t ion  or reac t ion  k ine t i c s .  
i n  the United S ta t e s  and elsewhere i n  the world, t h a t  l i qu id  fue l s  can be made 
from coal. Zxcept i n  i so l a t ed  cases, cos ts  a r e  too high for coal  t o  be a r e a l  
contender with petroleum a t  cur ren t  pr ices .  

It  has been amply demonstrated both 

Only by continued research w i l l  the  remaining problems be solved. Research 
on both the  fundamental l e v e l  and engineering l e v e l  w i l l  be continued i n  the hope 
that a major breakthrough on t h e  cos t ly  s t eps  can be achieved. 

,I 
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l!ATIOi!AL COAL ASSOCIATION 
11'0 17t11 S t r e e t ,  G. ? J .  

!'oshln;:.on, D. C .  

S incc  t h e  war t h e r e  havc bcen s i z n i c i c a n c  c h m z c s  i n  t h e  t r a n s ? o r t a t i o n '  ? c t t e r n  
of bituminous c o a l .  An e::amination of t h e s e  s h i f t s  rlill be the major burden of t h i s  
r e p o r t .  Iloimvcr, f o r  LI b e t t e r  understandin;: of t i icse  c:ianges i n  t r a n s p o r t a t i o n ,  i t  
1 7 i . l l  bc u s e f u l  f i r s t  t o  review b r i e f l y  t h e  c c n e r a l  market ing t r e n d s  and t h e  economic 
c l i m a t e  i n  which t h e  ; i o s t ~ ~ z r  c o a l  i n d u s t r y  has  dcvc1o:lcd. 

Thc demand f o r  c ~ a l  Fs "der ived" in t h e  sense t h a t  i t s  n a t u r e  and e x t e n t  i s  de- 
tcrmLncd b;. t h c  demand f o r  t h e  c e r v i c e s  and Froducts  which it Iiclijs t o  c r e a t e  - e l e c -  
t r i z L t y ,  s t e e l ,  such i n d u s t r i a l  products  a s  chemicals ,  "aper ,  e t c .  In o t h e r  words, 
tiherc tlic demand f o r  e l e c t r i c i t y  i n c r e a s e s  t h c  need f o r  c o a l  and compet i t ivc  f u e l s  
a l s o  c:::,ands. This r e l o t i o n s h i p  i s  w e l l  i l l u s t r a t e d  by economic develoFments i n  t h -  
? o s h n r  y e a r s .  

hold iLems, asnearec! i n s a t . i a b l c .  Doih i n  newly c o n s t r u c t e d  homes and bui1din;s and 
i n  t!iosc a l r e a d y  f u n c t i o n i n z ,  t h e  demand f o r  a 7 p l i a n c e s  usFnC some form of enerzy 
musnroomed. For  i n s t a n c e ,  i n  1947,  0.9 percent  of our personal  consumption expendi- 
t u r e s  were f o r  e l e c t r i c i t y ,  v i t h  an a d d i t i o n a l  0 .5  percent  f o r  gas. By 19/52 t h c s e  
:>er:cnta:cs hac! climbed t o  1 . 5  and 1.0,  r c s p e c t l v e l y .  An even more s i g n i f i c a n t  i n d i -  
c a t o r  of t h e  sharp  i n c r e a s e  i n  energy consungt ion i s  t o  be found i n  t h e  f i z u r e  
"avercl;e k i lowat t -hours  used per  c x t o m e r .  :' The folloi.iing t a b u l a t i o n  shows thc  :lost- 
1731 Zrowth i n  t h i s  s t a r i s t i c .  

A t  the  end of t h e  war, t h e  ;,ent-up demand f o r  durable  goods, p a r t i c u l a r l y  housc- 

Avera:y ItFlovmtt -hour 
;,er cuotorzcr 
R e s i d c n t i a l  
Commercia1 

TOTAL 

Percent  
-. 19L6 Incre-se  

1 ,329 4 ,442  234 .2  
221.5 

5,422 13,367 1/;6.5 
7,224 23.225 -- 

T.ncreases i n  t h e  use of o t h e r  sources  of energy have a l s o  been s u b s t a n t i a l .  
Alon: wi th  t h e  sharp  i n c r e a s e s  i n  t h e  use  of c o a l ,  o i l ,  ar!d :as, have beer. 

c e r t a i n  t r e n d s  i n  t h e  economy which thouzh more rcmotely connected wi th  e n e r y  con- 
stimntion have had c o n s i d e r a b l e  impact. Some of the  t r e n d s  i n  t h e  g e n e r a l  ecoucmy have 
had and will cont inue  t o  have a profound e f f e c t  upon thz  c o a l  i n d u s t r y  and upon its 
a b i l i t y  t o  compete i n  t h e  energy market. The scope of t h i s  paper  and l i m i t a t i o n s  of 
time and s?oce prevent  any e l a b o r a t i o n .  These postwar chanzes i n  our  economic en- 
vironment havc been: (1) t h e  t r e n d  t w a r d  t h c  s u b s t i t u t i o n  of ? r i c e  compet i t ion  f o r  
s e r v i c e  compet i t ion ;  ( 2 )  an e r o s i o n  i n  t h e  p r i c e  s t r u c t u r e  - discount  p r i c i n g ,  e t c ;  
(3) t h c  t r e n d  tovard d i v e r s i f i c a t i o n  of i n t e r e s t s ;  and ( 4 )  t h e  grovtli of merzers and 
c o n s o l i d a t i o n s .  Each of t h e s e  i s  having a profound, though not  always d i r e c t ,  i q a c t  
upon t h e  c o a l  i n d u s t r y  and each has  been i n s t r u m e n t a l  i n  shaping t h e  t rans?ortat i .on 
F a t t e r n  f o r  c o a l .  L/  

Dcforc discussin:  t r a n s p o r t a t i o n  and t r a n s p o r t a t i o n  t r e n d s  f o r  c o a l ,  an under- 
s tandin;  of market s h i f t s  s i n c e  t h c  war i s  e s s e n t i a l .  This back-drop i s  shown i n  
Table 1 be1.01~ which s e t s  f o r t h  t h c  profound changes which have m a t e r i a l i z e d  s i n c e  1346 
i n  t h e  uses  of c o a l .  

' - 1/ Thc tern? "coal"  a s  used h e r e  and throuchout  t h e  paper r e f e r s  t o  bituminous c o a l  
and does not  i n c l u d e  a n t h r a c i t c .  

! 
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e lec t r ic  Uti i i t ies  
Coking Coal 
General  Indus t ry  

R e  t a  il De l i v e r i e s  
Domestic I n d u s t r y  

Domestic Consump- 
t i o n  

Canada 
Cversens 

T o t ~ l  Consumption 

ij I TUPIINOUS COAL C0I:S UI IPT- 
By User Group, 1946-1963 - -- 
(Tliousands of Nct Tons) 

Pe rcen t  
1946 

63,743 
C3,23G - 3>3,671 

401,702 
33. G34 

500,366 
21,880 
19,329 

5&1,595 

. 1950 
C3,262 

103,445 
177.673 
359,380 

34.422 

453,802 
23,009 

2 4 5 3  
479,273 

1355 1960 
140,550 173,C02 
107,377 11 ,015  
- 122.4G5 95.127 
370,392 350,024 

53,023 30,405 

423,412 3C0,429 
17,135 11.G25 

-_I__ 

34i092 24iC70 
47&,639 416,924 

1963 
209,038 

77 , 633 
99,006 

365,677 
23,5[;3 

409,225 
13,762 

- 

33,316 
456,3C3 

PEXEMT OF TOTAL CONSUIPTIOi.1 - 
1346 - 1350 1955 __ 1960 - 1963 

E l e c t r i c  Ut i l i t i es  12.7 1 C . h  23.6 41.7 45.3 
Coking Coal  15.4 21.6 22.6 19.4 17.0 

22.0 - 21 .7  General  I n d u s t r y  - 46.1  - 37.1 - 25.3 - 
Domestic I n d u s t r y  74.2 7 7 . 1  73.0 33.9 04.5 

13.2 11.2 __ 7.3  - 5.2 K e t a i l  D e l i v e r i e s  
Domestic Consumption 92.4 94.7 C9.2 91.2 69.7 

Canada 4 .0  4.3 3.6 2.8 3.0 

- 

- 
3 .6  0 .5  7.2 6.0 7.3 - - - - -  Gver s e a s  

T o t a l  Consumption 100.0 100.0 100.0 100.0 100.0 

19G3 of 1946 
334. i 

----- 

93.2 
39.7 

90.0 
23.9 

Z1.2 
62.9 

- 

172.0 
84 .3  
- 

I n  t h e  post-war p e r i o d  heavy l o s s e s  were expe r i enced  i n  the  consumption 
of r a i l r o a d  f u e l  and i n  t h e  r e t a i l  marlcct where gas and o i l ,  p a r t i c u l a r l y  
t h e  former,  caused heavy e r o s i o n  i n  c o a l ' s  markets .  

';he i n t r o d u c t i o n  of t h e  d i e s e l  locomotive s t a r t e d  t h e  p r e c i p i t o u s  drop 
i n  r a i l r o a d  coa l  consumption. Decl ine i n  r e t a i l  d e l i v e r i e s  was over  a 
l onge r  p e r i o d ,  bu t  was v e r y  s u b s t a n t i a l .  For purposes  of l a t e r  comparisons,  
r a i l r o o d  f u e l  h a s  been inc luded  i n  "gene ra l  industry."  For our purposes ,  
r a i i r o a d  c o a l  consumption today i s  a n e g l i g i b l e  f a c t o r .  The Bureau of 14ines 
r ecogn ized  t h i s  i n  d ropp ing  t h e  s e p a r a t e  "Rai l roads" c a t e g o r y  of consump- 
t i o n  i n  1961. 

The f u l l  impact  of  t h e  two market changes may be seen  i n  t h e  fol lowing:  

M i l l i o n s  of i?et Tons 
194G - 1963 Tonnage - 

E l e c t r i c  U t i l i t i e s  G8.7 209.0 . .:. 1[:0,2 
Rai l road  F u e l  110.2 l . O ( E )  - 103.2 
R e t a i l  D e l i v e r i e s  96.7 23.5 - 75.2 

Net Change I n  Thcse C a t e g o r i e s  - 44.1  

(E) = Es t ima ted  

I 

4 

4 
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u t i l i t i e s  consumed 209.0 millLon tons  of coa l .  
t h e  r a i l r o a d s  and r e t a i l  o u t l e t s  was 208.9  m i l l i o n  

has had cons iderable  i n f l u e n c e  i n  cawin.: out  _ _  
t r a f f i c  :>a;:terns, i s  t h e  chnn,oin; importance of markets .  The u n i t  t r a i n ,  f o r  example, 
!.s ? a r t i c u l a r l y  ada?tcd t o  movin: u t i l i t y  c o a l  f o r  a market which was i n  f o u r t h  ;JlaCe 
i n  1543, being exceeded by z c n e r a l  i n d u s t r y ,  r a i l r o a d  f u e l  (no t  shown) and r c t a i l  de-  
l F v e r i e s ,  y e t  by 1963 vas i n  f i r s t  !:lace. 

Thc changes i n  c o a l ' s  o t h e r  marlccts were much l c s s  s p e c t a c u l a r .  I!one could 
mctch tlie r a ? i d  z rovth  of u t i l i t y  demand which s e t  thc. s t a g e  f o r  l a r z c  volume movc- 
ments and t h e  f a l l - o f f  i n  r e t a i l  which as  a r e s u l t  used less volume i n  sh i?p ing .  

D i s t r i b u t i o n  s t a t i s t i c s  i n  usenble  de t a i l  vert not  a v a i l a b l e  p r i o r  t o  1957, a t  
l e a s t  s t a t i s t i c s  idiich could be compared t o  those  of t h e  1357-1963 per iod .  S t a t i s t i c s  
i n  t h e  l a s t  scvcn y e a r s  have pcrni i t ted t h e  a n a l y s i s  or' c o a l  d i s t r i b u t i o n  by method 
of t r a n s p o r t a t i o n ,  by u s e r  catesor;., and by d i s t r i c t s  of o r i g i n  and s t a t e s  of d e s t i -  
nation. 

F i n a l l y ,  we a r e  us ing  only coa l -compet i t ive  a r e a s  i n  t h e  t r a n s p o r t a t i o n  s t a t i s -  
t i c s  which fo l low.  
l i t t l e  o r  no  c o a l  would have l i t t l e  u s e f u l n e s s  and could add complexi ty  t o  this 
p r e s e n t n t i o n .  

r2ads vhich  handle  some t h r c e - f o u r t h s  of a l l  shipments ,  th roush  water  and motor 
c a r r i e r s  t o  t h e  c o a l  ? i p e l i n c ,  which whi le  ? r e s e n t l y  i n a c t i v e  as w i l l  be discussed a t  
a l a t c r  F o i n t ,  s t i l l  remains an important  f a c t o r  i n  any c o n s i d e r a t i o n  of f u t u r e  d i s -  
Zr ibut ion .  

D i s t r i b u t i o n  of c o a l  by each of these media, except  t h e  c o a l  p i p c l i n c ,  i s  in-  
c ludcd i n  t h e  q u a r t e r l y  summaries of d i s t r i b u t i o n  which have been Zublished by t h e  
Burczu 7f Nines s t a r t i n g  wi th  1958. 1/ Because of i t s  confinement t o  one producer 
an2 i t s  r c l a t i v c l y  l i m i t e d  l i f e ,  the p i ? e l i n e  does not  lend i t s e l f  t o  s t a t i s t i c a l  
t r e n d i n 2  and t h e  es tab l i shment  of f i r m  r e l a t i o n s h i p s .  A d d i t i o n a l l y ,  such Lnformation, 
even i f  a v a i l a b l e ,  could  not  be made ?ub?ic  wi thout  d i s c l o s u r e .  

wi th  r e s p e c t  t o  t h e  more convent iona l  forms of c o a l  t r a n s p o r t a t i o n .  

y e a r  p e r i o d ,  1357-1963. These f i p r e s  do n o t  show d i s t r i b u t i o n  by mode of t r a n s p o r t a -  
t i o n ,  an approach reserved  f o r  l a t e r  t rea tment  i n  more dcptlt of t h e  p a t t e r n  and Frob- 
l e o s  of t h e  movement of c o a l  t o  t h e  e l e c t r i c  u t i l i t y  market. 

I n c l u s i o n  of s t a t e s  wi th  heavy gas  o r  35-1 consum;>tion and u s i n s  

Thc  t r a n s p o r t a t i o n  ? a t t e r n s  f o r  c o a l  i n  th'e IJnited S t a t e s  range from t h e  r a i l -  

Tle will b r i e f l y  dFscuss t h e  c o a l  p i p e l i n e  a f t e r  reviewing t h e  1957-1963 pcri.od 

Tables  2A and 2 B  show t h e  changing p a t t e r n  of c o a l  t r a n s p o r t a t i o n  i n  t h e  seven- 

tk 
Actua l ly  t h e s e  s f a t i s t i c s  were assembled only f o r  t h e  y e a r  1957, a f t e r  which 
they were made on a q u a r t e r l y  b a s i s .  

1/ I -  
P 

I 
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TABLE 2A - CHANGIl?G PATTEKNS OF DISTKICUTION OF BITU.II'I!CUS COAL 
BY TYPE OF USER A I D  BY TXGIOM, 1957-1963 

COAL COEQETITIVL A?SAS 
(000 Tons) 

Geographic Region and 
Type o f  User 

Nev England 
E l e c t r i c  U t i l i t i e s  
Coke G Gas P l a n t s  
R e t a i l  Dea le r s  
A l l  Other  

Middle A t l a n t i c  
E l e c t r i c  U t i l i t i e s  
C. & G. 

A. 0. 
R. D. 

E a s t  North C e n t r a l  
E l e c t r i c  U t i l i t i e s  
C .  & G. 

A. 0. 
PL. D e  

Vest North C e n t r a l  
E l e c t r i c  U t i l i t i e s  
C. & G .  
R. D. 
A. 0. 

South A t l a n t i c  
E l e c t r i c  U t  i l i t i e s  
C. & G. 
6. D. 
A.  0. 

E a s t  South C e n t r a l  
E l e c t r i c  U t i l i t i e s  
C .  1 G. 
R. D. 
A. 0. 

:fountain - -- 
E l e c t r i c  U t i l i t i e s  
C. & G. 

A .  0. 
R e  D. 

T o t a l  Coal  Competit ive 
ReZions 
E l e c t r i c  U t i l i t i e s  
C. & G .  
k. D. 
A.  0 .  

. .  . 

1957 - 1958 - 1359 - 1960 - 1951 - 1962 1363 - 
I 

11,909 10 ,871  11,150 9,313 ?,074 9,997 10,017 
6,012 5,768 6,336 6,000 6,723 7,225 7,770 
1,345 995 1,090 570 475 456 472 
1,279 880 558 6 23 453 450 300 
3,273 3,228 3,1G6 2,120 2,023 1,866 1,475 

92,596 74,830 75 ,002  76,173 72,076 76,107 79,492 
31,662 28,341 29,300 30,610 30,761 33,092 34,300 
35,448 26,024 25,613 26,904 23,765 24,047 26,138 

2,498 2,C19 1 ,303  1 ,781  1,641 1,539 1,357 
19,988 17 ,652  17,706 16,878 15,909 17,429 17,697 I 

170,697 147,233 151,242 158,1_21 151,270 159,391 164,423 
66,436 61,822 63,360 69,572 63,199 74,750 78,944 

4 
4 

38,757 26,011 30,103 30,709 27;127 26,496 27,709 
21,321 19,257 19 ,333  17,508 16,197 15,956 14,222 
44,183 40,148 43,445 40,336 33,755 42,139 43,548 

/ 

* 20,824 19,702 21,023 22,571 20,920 22.520 23,242 
8,278 8,364. 3 ,152  10,541 10,25k 12,218 13,179 
1,518 1 ,041  1,131 9 45 592 768 776 
4,079 3,658 1:,051 4,125 3,551 3,261 2,602 
6,949 6,439 G,GC9 6,960 5,&23 5,273 6,635 

52.560 49,739 50,GC2 52.547 55,316 57,891 63,816 
22,251 22,734 26,334 27,167 29,025 31,951 35,97i 
11,321 9,561. 7,596 8,441 C,307 3,316 9,008 
4,765 4,859 3 ,561  3,713 3,160 3,334 3,205 

14,223 12,635 13,191 13,226 14,024 14,290 15,628 

43,283 36.479 33,907 41,556 40,771 42,709 47,410 
23,572 21,689 24,&37 26,534 27,116 20,362 32,436 
10,380 7,585 G,065 8 ,391  7,241 7,300 7,641 

2,494 2,495 1,304 1,959 1,863 1,810 1,999 
6,837 4,709 4,501 4,672 4,551 4,737 5,342 

8,779 7,362 7,346 8.536 3,332 8 ,898  10,823 
1,437 1 ,541  2,327 2,780 3,407 3,788 5,832 
3;772 2;G30 2;297 3;050 21036 2,297 2,465 
1,350 1 ,291  1,154 1,167 1,117 1 ,193  1,122 
2,220 1,700 1,5G8 1,539 1,522 1,620 1,404 

400,648 346,277 365,432 368,821 358,967 377,513 399,231 
159,648 150,259 166,745 l,73,204 176,285 191,336 208,438 
105,541 74;047 75;095 79,010 70,393 69,670 74,209 

37,786 35,460 32,L:44 30,876 28,032 27,543 24,805 
97,673 86,511 90,347 85,731 C&,207 88,404 91,T.r 

3 .  . *  . .. .. 
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T A B U  25 - ClIAilGI!JG PATTERNS OF DiST2ZDUTION OF BITUI1I;lOUS COAL 

COAT, C0l:PETITIK A I L A S  
DY TYPE OF USER AIJD BY X G I 3 N ,  1957-1963 

(1957 = 100) 

Geographic 2ezion and 
Type of User 

New England 
E l e c t r i c  U ' i i l i t  i e s  
Coke & Gas P l a n t s  
Retail Dealers  
A l l  Other 

l I iddle  A t l a n t i c  
E l e c t r i c  U t i l i t i e s  
C .  E: G. 
i:. D. 
A. 0. 

-- Cast  North C e n t r a l  
E l e c t r i c  U t i l i t i e s  
C, & G. 
R. D. 
A .  0.  

Vest Pjorth C e n t r a l  
E l e c t r i c  Ut i l i t i es  
C. & G. 
R. ,D .  , 

A. 0. 

South A t l a n t i c  
E l e c t r i c  U t i l i t i e s  
C. & G. 

A.  0. 
R. D. 

E a s t  South Cefi t ra l  
E l e c t r i c  U t i l i t i e s  
C. & G. 
R. D. 
A. 0. 

Noun t a in 
E l e c t r i c  U t i l i t i e s  
C. & G. 
R. D. 
A. 0. 

T o t a l  Coal Competi t ive Regions 
E l e c t r i c  U t i l L t i e s  
C. & G 
R. D. 
A. 0. 

1958 1953 - 1960 __ 19G1 ___ 1962 1963 - -  
91.3 33.6 78.2 G1.2 c3.3 84,1 - - - - -  
95.3 105.4 99.8 111.5 120.2 129.2 
74.0 81.0 02.4 35.3 33.9 35.1 
63.8 L>.G 48.7 35.4 35.2 23.5 
98.6 36.7 64.8 61.C 57.0 45.1 

C0.c -  82.3 ____ 77.2 32.2 -- 85.3 
89.5 9&.1 96.7 97.2 104.5 103.3 
67.7 5G.5 70.0 01.2 12.5 68.0 

112.9 75.4 71.3 3 . 7  G1.6 54.3 
88.3 G3.0 84.4 73.5 37.2 82.5 

86.3 94.5 92.6 C2.5 33 .k  90.3 
93.1 102.9 104.7 102.7 112.5 118.8 
- - - - - -  

67.1 77.7 79.2 70.0 5G.4 71.5 
90.3 90.7 82.1 76 .O 74.3 65.7 
90.9 9c.3 91.3 90.0 95.5 92.6 

/ 

94.6 101.0 103.4 100.5 111.6 
101.0 1lO.G 127.3 123.3 1.47.6 159.2 
6C.G 7&.5 62.3 39 .O 50.5 51.1 
94.6 99.3 101.1 09.5 79.9 63.8 
92.7 95.3 100.2 92.4 90.3 96.2 

94.7 - 96.& - 100.0 105.2 110.1 121.4 
102.2 113.3 122.1 134.0 14.3.6 161.7 
84.5 67.1 7&. G 73.4 '73.5 79.6 

102.0 7k.7 77.9 6G .3 70.0 G7.2 
8G.G 92.7 93.0 93.0 100.5 109.9 

811.3 89.9 96.0 94.2 98.7 109.6 
92.0 103.7 112.6 115.0 122.4 137.6 
- - - - - -  

73.1 77.7 80.3 69.3 70.3 73.6 
100.1 75.3 78.5 74.7 72.6 80.2 
68.9 65.2 68.3 66.6 69.3 78.1 

83.3 23.7 97.2 101.7 101.4. 123.3 
107.2 151.9 133.5 237.1 263.6 405.8 
- - -  - - - - 

75.0 50.3 80.9 75.5 G0.9 65.3 
95.6 0 5 . 5  86.4 32.7 32.4 83.1 
76.6 70.5 69.3 6C.G 73.0 63.2 

36.4 31.2 92.1 89.5 9k.2 99.6 
94.1 10f:.L: 108.5 1 l O . L :  120.2 130.6 
70.2 71.9 74.9 65.7 66.0 70.3 
93.G G5.9 81.7 74.3 72.9 65.6 
80.6 92.5 37.3 3G.2 90.5 94.0 

- - - - - -  
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I n  thc  seven-year p e r i o d  t o t a l  c o a l  changes i n  d i s t r i b u t i o n ,  by r eg ions ,  havo 
bden these :  

Region 
New Zngland 
Middle A t l a n t i c  
E a s t  iJorrh C e n t r a l  
West North C e n t r a l  
South A t l a n t i c  
C a s t  South C c n t r a l  
Ploun t a i n  

TOTAL 

P e r c e n t  To ta l  
Coal-Competit ive 

Tonnage 
1963 1957 

3.0 2.5 
23.1 19.9 
42.6 41.2 

5.2 5.8 
13.1 16.0 
10.8 11.9 

- - 

2.7 
100.0 100.0 

- 2.2 -- 

Tonnage Change 
1957 t o  1963 
Gain Loss 
- -- - 1,892 

- 6,274 
- 13,104 

2,418 - 
11,256 - 
4,135 - 
21044 - 

19,853 21,270 

Percen t  Change 
S ince  1957 

- 15.9 - 14.2 - 3.7 

I n c r  e a s e  Dec r ea se 

11.6 - 
21.4 - 

9.6 - 
23.3 - - - - 0 . 4  

The changing d i s t r i b u t i o n  p a t t e r n  f o r  each  o f  the  c a t e g o r i e s  wc w i l l  d i s c u s s  
fo l lows :  

ELECTRIC UTILITIES 

Region 
New England 
$!iddl2 A t l a n t i c  
E a s t  North C 2 n t r a l  
!,Jest iJorth C e n t r a l  
South A t l a n t i c  
Xast  South C e n t r a l  
bioun t a i n 

TOTAL 

P e r c e n t  T o t a l  
Coal-Competit ive 

Tonnage 
1963 1957 

3.8 3.7 
19.8 16.5 
41.6 37.9 

5.2 6.3 
13.9 17.3 
14.0 15.6 

- - 

2.7 
100 * 0 100.0 

- 6.9 - 

Tonnage Change 
1957 t o  1963 
Gain Loss 
1,758 - 

12,508 - 
4,901 - 

13,726 - 
8,864 - 

-- 
2,638 - 

Percen t  Change 
S ince  1957 

I n c r e a s e  Decrea s? 
29.2 - 
18.8 - 
59.2 - 
61.7 - 
37.6 - 

8.3 

4.395 
48,790 - - - 305.8 - 

30.6 - 
The l a r g e s t  consumption i n c r e a s e s  among the  u s e r s  o f  c o a l  have been i n  the  

T l e c t r i c  u t i l i t i e s ,  t h e  o n l y  consumption ca t egory  which has  seen an i n c r e a s e  i n  eazh 
o f  t h e  seven regions.  However, t h e  New England, Middle A t l a n t i c ,  and E a s t  North 
C e n t r a l  r e g i o n s ,  the  only ones wi th  d e c r e a s e s  i n  t o t a l  d i s t r i b u t i o n ,  show t h e  
s m a l l e s t  i n c r e a s e s  i n  u t i l i t y  consumption. 

Before d i s c u s s i n g  t h e  t r a n s p o r t a t i o n  of  u t i l i t y  c o a l  i n  g r e a t e r  depth,  t he  
r e g i o n a l  d i s t r i b u t i o n  breakdown f o r  t h e  o t h e r  major consumer groups w i l l  be  shown 
and b r i e f l y  t r e a t e d .  

COKE AND GAS PLANTS 

Region 
Xew England 
Niddle  A t l a n t i c  
E a s t  North C e n t r a l  
!,!est North C e n t r a l  
South A t l a n t i c  
E a s i  South C e n t r a l  
Ho un t a i n  

TOTAL 

P e r c e n t  To ta l  
Coal-Competit ive Tonnage Change 

1957 
Tonnage 1957 t o  1963 

Gain Loss -- 1963 - - 
1.3 .7 873 

36.5 35.2 - 12,310 
36.7 37.3 - 11,048 

1.4 1.1 - 742 
10.7 12.1 - 2,313 

9.8 10.3 - 2,739 - 1,307 
100.0 100.0 - 31,332 

- 3.3 - 3.6 - 

Percen t  Change 
S ince  1957 

I n c r e a s e  Decrease - 64.9 - 32.0 - 28.5 - 48.9 
20.4 - 26.4 
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The f a c t  t h a t  du r ing  t h i s  pe r iod  d i s t r i b u t i o n  o f  coking c o a l  was down 29.7 per-  
c e n t ,  whereas the  t o t a l  consumption i n  a l l  f o u r  groups was down by s l i g h t l y  more 
than f o u r - t e n t h s  of one p e r c e n t ,  can be a t t r i b u t e d  t o  a l a r g e  e x t e n t  t o  the  inc reased  
e f f i c i e n c y  i n  the  use o f  c o a l  i n  the  s teel-making p rocess .  
t h i s  i n  i s o l a t i o n  from o t h e r  f a c t o r s  caus ing  the  d e c l i n e  would be d i f f i c u l t .  

An e x a c t  measurement of 

RETAIL DELIVERIES 

Pe rcen t  To ta l  
Coal-Competit ive 

Tonnage 
1963 

New Ennland 3.4 1.2 
- 1957 - Region 

Middle-At 1 a n t i c  6.6 5.5 
E a s t  Nozth C e n t r a l  56.4 57.3 
Nest North C e n t r a l  10.8 10.5 
South A t l a n t i c  12.6 12.9 
E a s t  South C e n t r a l  6.6 3.1 
Moun t a i n  

TOTAL 

Tonnage Change 
1957 t o  1963 
Gain Loss -- - 979 - 1 ,141  - 7,099 - 1,677 
- 1,562 

495 - 2 28 
100.0 100.0 - 12,981 

- -  4.5 - 3.6 - 

Percen t  Change 
S ince  1957 

I n c r e a s e  Decrease - 76.5 
- 45.7 
- 33.3 
- 36.2 
- 32.3 - 19.3 
- 16.9 

34.4 
- - 

The g e n e r a l  d e c l i n e  i n  r e t a i l  d e l i v e r i e s  ove r  t h i s  p e r i o d  is  independent of 
mode o f  t r a n s p o r t  employed. On t he  o t h e r  hand, as will be d i scussed  l a t e r ,  t he  
growth i n  u t i l i t y  consumption, a s  brought o u t  i n  the  d i s t r i b u t i o n  d a t a ,  has  been 
a f f e c t e d ,  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y ,  by the  means of t r a n s p o r t a t i o n .  

GENERAL INDUSTRY 

Region 
New England 
Middle A t l a n t i c  
E a s t  North C e n t r a l  
IJest North C e n t r a l  
South A t l a n t i c  
E a s t  South C e n t r a l  
Moun t a i n 

TOTAL 

Percen t  To ta l  
Coal-Compe t i t i v e  

Tonna pe- 
1963 1957 

3.4 1.6 
20.5 19.3 
45.1 47.4 

7 . 1  7.3 
14.6 17.0 

7 .0  5.8 
1.6 2.3 

- - 

- - 
100.0 100.0 

Tonnage Change 
1957 t o  1963 
Gain Loss 

-_L_ 

1.79; - 2,291 
- 635 
- 264 

1,405 - 1,495 
- 816 

1,405 7,299 
- -  

Percen t  Change 
S ince  1957- 

I n c r e a s e  Decrease - 41.9 
- 11.5 
- 1.4 - 3.8 

- 21.9 
36.8 - 6.0  

-_I_ 

9.9 - 
- - 

This  is an important  market f o r  c o a l ,  b u t  one where the  c o n s t i t u e n t  e lements  
a r e  q u i t e  d i v e r s e  and where t r a n s p o r t a t i o n  p a t t e r n s  a r e  l e s s  s i g n i f i c a n t  than i n  t h e  
d i s t r i b u t i o n  of u t i l i t y  c o a l .  Yet i n  1964 t o  t he  mine o p e r a t o r s  a lone  t h i s  f i e l d  
will be worth i n  excess  of h a l f - a - b i l l i o n  d o l l a r s .  

Competi t ion from o t h e r  sou rces  of energy, p a r t i c u l a r l y  from o i l ,  u n d e r l i e s  some 
of t h e s e  changes. This  i s  e s p e c i a l l y  t r u e  i n  the  New England, Niddle  A t l a n t i c  and 
E a s t  South C e n t r a l  r e g i o n s  which, i n  1957, accounted f o r  30.9 p e r c e n t  o f  a l l  con- 
sumption. By 1963 t h i s  figure had dropped t o  26.7 percen t .  Reduced c o s t s  of t r a n s -  
p o r t a t i o n ,  such a s  a r e  made p o s s i b l e  through the  o p e r a t i o n  of u n i t  t r a i n s ,  have n o t  
y e t  been a p p l i e d  t o  c h i s  market a r e a ,  t o  a l a r g e  degree due to t h e  heterogeneous . 
c h a r a c t e r  of demand. 

For obvious r easons ,  we will not  examine the  remaining markets  f o r  coa l ,  
Canadian and ove r seas  e x p o r t s ,  which do n o t  lend themselves t o  t r a n s p o r t a t i o n  a s  
developed i n  t h i s  paper.  
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The l a s t  h a l f  of t h i s  paper  r f i l1 .examine 1957-1963 t r e n d s  i n  the  d i s t r i b u t i o n  
of c o a l  by mode of t r a n s p o r t a t i o n ,  exc luding  t h e  c o a l  p i p e l i n e ,  and w i l l  conclude 
wi th  an a n a l y s i s  of the  manner i n  which u t i l i t y  c o a l  has been shipped. Because we 
have more complete  d a t a  on  the  e l e c t r i c  u t i l i t y  market f o r  c o a l ,  d i s t r i b u t i o n  f o r  
t h i s  market  has  been a s s i g n e d  a major r o l e  i n  t h i s  r e p o r t .  Also, f o r t u n a t e l y ,  we 
have e x c e l l e n t  s t a t i s t i c s  c o v e r i n g  ra i lway and barge  movements of u t i l i t y  coa l .  
These two methods of t r a n s p o r t a t i o n  account  f o r  the  b u l k  of u t i l i t y  movements. 
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TABLZ 3A 

BY IETXOD OF 'IPANSI'ORTATIOIT AIJD BY REGION, 1957- 1963 
C H A N G I N G  PATTERHS OF DIST.IBLJ'I'ION OF BIT'JilIIiOUS COAL (ALL USEM;, 

C0A.L COilPEPITIW A E A S  (EXCLUDES WEST SGiJTH CEI\ITAL K l D  PACIFIC) 

Geographic Kegion Thousands of Net Tons 
k t h o d  of  ilovcment 1957 1958 1359 19GO 19G1 1952 1953 -- 

--- i k i i  En- 
A l l -  r a i l  

11.309 10,871 11.150 9,313 9.674 0,397 10.017 
~ : . i ~ i  3.643 4,310 . 4.03~1 4,373 4,458 3,544 

Tidewacer 7;74C 7;220 6lC4C 5;275 5,301 5,539 6,373 

-_--- I!iddlc A t l a n t i c  92,596 7 4 , 3 3 6  75,082 76,173 72,076 76,107 79.&92 
A i l - r a i l  40,566 32,445 35,530 35,102 3(:,132 36,889 35,513 
X v e r  h Ex-River 23,34G 17,032 16,633 1 7 , 7 1 3  16,519 17,262 1$,353 

' ,e =Leat - Lakes 4,505 3,694 2,200 2,490 2,335 2 , 7 1 1  2,443 
T i d e w  t e r  12,372 11,551 10,994 11,220 10,355 9,144 11,215 
Truc!c 10,255 7,930 9,720 3,643 6,928 10,101 10,968 
T;aw:ay, Conveyor, 
h P r i v a t e  Xai l road 1,550 2,076 - - 1,757 

C S S L  North C e n t r a l  170,697 167.232 101,242 L56,125 151,278 159,391 16&,423 
t; i 1- TG 11 96,146 78,079 62,241 77,224 69,267 73,778 76,775 

------.- - 
7. tL:ver & Ex-River 29;701 26;707 29;293 31,271 33,767 35,381 34,625 
Great  Lcllces 27,149 24,453 29,665 20,4OS 27,457 28,192 31,333 
T r  tic k 15,907 17,399 19,430 21,222 20,787 22,040 21,630 
T.,C. E P.X. 1,794 - - - - - 

---- Vest NorLh C e n t r a l  20.02h 19,702 21,023 22,571 20,920 22,520 23,242 
A l l - r a i l  1 1 , 7 7 7  10,705 11,472 12,5&2 11,124 12,139 12,657 
River  & Ex-River 2,575 2,354 3,492 3,4G9 2 , 3 8 2  1<,135 4,276 
Great Lakes 3,510 2,901 3,032 3,9CL: 3,503 3,001 3,214 
Truck 2,962 3,242 2,367 2,576 2,411 3,195 2,033 

- South A t l a n t i c  52,560 49,739 50.662 52.547 55,316 5 7 , C 9 1  63.316 
All-rail 33,529 31,838 32,320 23,576 36,939 36,755 41,L}02 
Biver  & Ex-River 9,492 C,835 6,526 0 ,501  9,779 9,638 10,473 
Tidewater G , 2 C 5  6,061 4,986 5,610 5,444 5,340 5,804 
Truck 2,142 3,055 4,350 4,360 3,101 5,653 G,04C 
T . ,  c. & P.R. 1,192 - - - 2,053 

E a s t  South C e n t r a l  43,283 36.479 38,907 41.556 40,771 42.709 47,418 
A l l - r a i l  25.036 21,300 23,200 26,729 27,713 23,2111 31,3133 
-- 

X v e r  & Ex-River 13;450 10;621 11;021 10,070 9,654 9,024 10,703 
T r  uc IC 3,066 6,550 4,686 3,897 3,404 3,671 4,872 
T., c. & P.X. 1 ,731 - - - - - 

. b u n t  a i n  8 ,773 7,362 7,3116 3 , 5 _ 3 4  3,932 0,392 10,823 
A l l - r a i l  7,407 5,921 G,006 G,51C 6,491 6,706 7,026 

T., c. E: P.R. 78  53 53 25 103 93 65 

. -- 
Truck 1,29& .1,3C8 1 , 2 3 7  1,993 2,330 2,094 3,732 

T o t a l  Coal Competi t ive 
Xeg i o n s  400.CbE 346.277 365,432 363.821 25c,967 377,513 399.231 
A l l - r a i l  213,622 134,539 195,579 195,789 182,039 199,939 208,866 
I 

. R i v e r  & Ex-Eiver 783566 66,099 69,575 71,829 73,601 76,240 79,432 
Great  Lakes 35,164 31,048 34,957 34,832 33,345 33,904 36,990 
r i d e m  t e r  26,325 24,840 22,320 22,105 21,100 20,523 23,477 
Truck 35,626 37,622 42,448 44,191 33,963 46,759 50,401 
T., C.  & P.R. 6,345 2,129 53 25 3,913 93 65 
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TABLE 3B 
CHANGIiTG PATTEXTS OF DISTRIBUTIOiJ CF BITUIIIIIOIJS COAL (ALL USERS), 

COAL CC;iPZTZTIIJE AREAS (EXCLUDDS :JEST S0ljT:I CENTUL AI.ID PACUIC) 
BY -OD OF T.RANSP@CTATION AilD DY I'JJCZON, 1957-156; 

Geographic Kerion 
- tfethod of Ifovcmcnt 

Nc~r Cnnland 
L'. 1 i - :a i 1 

.-- 

Tidevat  er 

I<iver E e::-;?.vci- 
Great  Lakes 

Truck 
' Tidewater  

T.,C.;: P.R. 

East i iorth C e a t r a l  
A l l - r a i l  
Kiver & e x - r i v e r  
Great Lakes 
I ruck  
T.,C.& P.P., 

!lest 1:orth General - 
All-rail  
Eiver & e x - r i v e r  
Creat Lakes 
Truclc 

South A t l a n t i c  
A1 1 - ra i 1 
River & ex-i-ivcr 
Tidevat  e r  
Truclc 
T.,C.& T.R. 

E a s t  South C e n t r a l  
All-rail 
River E: e x - r i v e r  
Truck. 
T.,C.h P.K. 

I loun t a i n  
All-rail 
Truclc 
T.,C.& P.K. 

T o t a l  Coal ConpetLtivc 
Regions 
All-rail 
Liver G e x - r i v e r  
Great Lakes 
Tidewater 
Truck  
T . ,C .& P.R. 

Index,  195 7=10O. 0 
1957 - 1958 - 1959 __ 1960 __ 1961 - 1962 19L.3 - 

100 0 A 

100.0 - 

100.0 - 

100 .o - 

100 .o 
_I 

100 .o - 

100 0 A 

100.0 

91.3 
s7.5 
93.3 

so.3 
GO.0 
73.2 
82.0 
93.4 

1C5.3 
1 

- 

CG.3 
Gl.3 
s9.9 
90.1 

198.3 
) 

- 

94,6 
90.9 

1 l O . G  

109 5 

94.7 
95.0 
93.1 
97.7 

191.6 
1 

81,. 3 
35.1 
79 .O 

194.9 
) 

82.6 

- 

- 

83.9 
79.9 

)19S.O 
1 

- 

86.4 
84.4 
84.1 
33.3 
94.4 

) 94.7 
1 

_e 

93.6 
103.G 

CG.3 

G 1 . l  
G7.L 
71.3 
42.C 
GG.? 
22.2 

- 

- 

31:.5 
c5. 

100.7 
109.3 
109.3 

- 

101,o 
97.4 

135.6 
22.1 

100.2 

9G.h 
97.9 
39.2 
C0.4 

130.5 

- 

39.3 
92.7 
Zl.9 
97.7 

- 

33.7 
21.1 
97.7 

91.2 
25.5 
3G.5 
99.4 
26.7 

101.3 

- 

76,2 
97.0 
63.1 

22.3 
66.5 
75.9 
55.3 
90.7 
21.7 

- 

92.6 
00.3 

105.3 
104.5 
119.9 

- 

108.4 
10G.5 
134.7 
113.5 
87.0 

100.0 
100.1 
69.6 
90.4 

145.8 

- 

- 

96.0 
107.0 

230.3 
E l .  2 

- 

37,? 
88.0 

147.1 

92.1 
89.6 
91.4 
99.2 
34.0 

105 3 

- 

31.2 
105.1 

63 1; 

77 .; 
G4.1 
7c.2 
52.9 
J J .  7 
73.6 

- 

- 

nL1 

<> n 
"V .5 
72.0 

l i 3 . 7  
101.1 
117.4 

- 

100.5 
9&.5 

150.1: 
99.8 
31.4 

105.2 
104.2 
103.0 

37.7 
154.G 

- 

- 

94.2 
110.7 

71.G 
71.0 

_I 

101.7 
C7.6 

177.3 

- 

c9.5 
36.0 
93.7 
9k.S 
30.2 

102.2 

_I 

83.9 
107.1 

71.5 

32.2 
90.9 
73.9 
50.2 
73.9 
35.G 

- 

93.4 
76.7 

119.1 
103.3 
124.5 

I_ 

10G.l 
103.5 
160.6 

85.5 
107.9 

110.1 
109.6 
101.5 
94.1 

169.7 

- 

- 

38.1 
116.7 

73.0 
76.5 

- 

101.4 
90.5 

159.8 

- 

94.2 
91.5 
97.0 
96.4 
78.0 

111.6 

_L_ 

3 i , 1 
87.6 
- 

C2.3 

35.2 
37.5 
82.9 
54.2 
90.6 
92.9 

- 

95.3 
79.9 

116.6 
115.4 
122.5 

- 

111.6 
107.5 
166.1 
91.6 

104.4 

121.4 
123.5 
110.3 
94.9 

181.3 

-- 

127.2 
73.6 

101.6 

123.3 
94.9 
- 
276.7 

_r 

99.6 
95.5 
- 
101.1 
105.2 -4 

89.2 
120.2 

4 

3 
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F i r s t  t ak ing  ou r  coa l - compe t i t i ve  s t a t e s  a s  a whole, a l l - r a i l  has  no t  q u i t e  
h e l d  i t s  own s i n c e  1957, with 95.5 p e r c e n t  o f  t he  movement i n  1963. Hovever, 
the  1963 pe rcen tage  vs .  1957 i s  b e t t e r  t han  t h a t  o f  any of the  i n t e r v e n i n g  yea r s .  
On t he  o t h e r  hand b o t h  "River and Ex-River" ( p a r t  r a i l  - p a r t  water)  and "Great 
Lakes" movements have s t r o n g l y  inc reased  t h e i r  t r a f f i c  i n  c o a l  s i n c e  m, a f t e r  a 
d i p  from 1957 l e v e l s .  

L/ 

The t ruck ing  of c o a l  i n  the  o v e r - a l l  p i c t u r e  has  r i s e n  by o n e - f i f t h  s i n c e  1957, 
w i t h  a s t r o n g  and c o n s i s t e n t  i n c r e a s e ,  though r e v e r s a l s  i n  t h e  r a t e  of climb were 
expe r i enced  i n  1958 and 1961. U n t i l  1962, c o a l  consumption through t idewa te r  
d e l i v e r y  had been dec l in ing .  
watervay o p e r a t o r s  jumped from 78.0 t o  89.2 p e r c e n t  of 1957. Undoubtedly much of 
t h i s  was a t  t he  expense of t h e  r a i l s  though e x a c t  measures o f  impact a r e  no t  a v a i l -  
a b l e .  

By t h e  development of volume movements f o r  u t i l i t i e s  

The f o l l o u i n g  r e g i o n a l  summaries of t r e n d s  by mode o f  t r a n s p o r t  r e f l e c t  t he  
chcnges which a r e  t ak ing  p l a c e  i n  t h e  consumption o f  c o a l ,  both geograph ica l ly  and 
a s  between regions.  

ALL-RAIL -- 

Region - 
N e w  England 
Pliddle A t l a n t i c  
E a s t  North C e n t r a l  
West North Cen t ra l  
South A t l a n t i c  
E a s t  South C e n t r a l  
Mountain 

TOTAL 

Percen t  T o t a l  
Coal-Conpet i t ive 

T o n w z o  
1963 1957 - -- 

1.9 1.7 
18.6 17.0 
43.9 36.8 

5 . l: 6.1 
15.3 19.8 
11.5 15.2 

3.4 
100.0 100.0 

- 3.4 -- 

Tonnage Change 
1957 t o  1963 
Gain Loss  

(000) (000) - 517 
- 5,053 
- 19,371 
;GO - 

6,807 - 

--- -- 

7,879 - 
38 1 - 9,756 -- 

Percen t  Change 
S ince  1957 

Inc rease  Decrease 
-- -- -- 

- 12.4 
- 12.5 
- 20.1 

7.5 - 
23.5 - 
27.2 - - 5.1 

4.5 
- - 

The l a r g e s t  r a i l  loss i n  volume occurred i n  the  E a s t  North C e n t r a l  Region, 
where t h e  e r o s i o n  i n  t r a f f i c  reached 19,371,000 tons ,  o r  a f a l l - o f f  of 7.1 pe rcen t -  
age p o i n t s  i n  the  p r o p o r t i o n  t o  t o t a l  i n  t h i s  l a r g e s t  r e g i o n  wi th  r e s p e c t  t G  r a i l  
t r a f f i c .  As noted l a t e r ,  most of t h i s  loss went t o  r i v e r  and e x - r i v e r ,  The growth 
i n  water  t r a n s p o r t  of c o a l  i n  t h i s  heavy r a i l  t r a f f i c  r e g i o n  can b e  a s s igned  i n  
l a r g e  p a r t  t o  i n t e r - ene rgy  compe t i t i ve  f o r c e s .  

The g a i n  i n  r a i l  t r a f f i c  i n  t h e  South A t l a n t i c  and East South C e n t r a l  Regions, 
a combined "plus" of 8 .2  pe rcen tage  p o i n t s ,  i s  l a r g e l y  a t t r i b u t a b l e  t o  volume move- 
ment of c o a l  i n  t r a i n l o a d s .  

RIVER AND EX-RIVER MOVEMENTS - 
Only f i v e  of t he  seven r e g i o n s  have r i v e r  t r a n s p o r t a t i o n .  O f  t h e  o t h e r  two, 

N e w  England has  t i dewa te r  movements wh i l e  t h e  Mountain Region h a s  no water  t r anspor -  
t a t i o n  of  any kind. 

River  and e x - r i v e r  movements of t he  f i v e  r e g i o n s  a r e  shown f o r  t h e  seven-year 
span i n  the  t a b l e  be low.  
t h e  g a i n s  i n  t h e  E a s t  North C e n t r a l  S t a t e s ,  a s  noted above, roughly e q u a l  t o  t h e i r  

.These movements ga ined  i n  t h r e e  of the  f i v e  r eg ions ,  w i t h  

- 1/ IJe have f i r m  d a t a  f o r  only t h e  f i r s t  h a l f  of 1964. 
t i o n  o f  t h e  u n i t  t r a i n  vi11 b e  d i scussed  a t  a l a t e r  p o i n t .  

Trends s i n c e  t h e  introduc-  
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l o s s  i n  r a i l  importance.  A s u b s t a n t i a l  loss i n  r i v e r  and e x - r i v e r  importance i n  the 
E a s t  South C e n t r a l  Region j u s t  about  e q u a l l e d  i t s  r i s e  i n  r a i l  p r o p o r t i o n s .  
l y  the  s e r v i c e s  o f f e r e d  by t h e  r a i l r o a d s  and g e n e r a l l y  f a v o r a b l e  r a t e s  have siphoned 
o f f  much of t h i s  bus iness .  

Obvious- 

N V E R  AND EX-RIVER 

P e r c e n t  Tota l  
Coal-Compe t i t  i v e  Tonnage Change 

1957 t o  1963 
Gain Loss 
--- Tonnage - -- - 1963 - 1957 - 

Region (000) (000) 
Pliddle A t l a n t i c  29.7 24.3 - 3,995 
E a s t  North C c n t r a l  37.G 43. 6 4,924 - 
Vest North C e n t r a l  3.: 5.4 1,703 - 
South A t l a n t i c  12 .1  13.2 981 - 
E a s t  South C e n t r a l  17.1 - 2.747 -- 13.5  - 

To Ti\ L 100.0 100.0 666 - 
GREAT LAKES PIOVEMENTS 

Percent  Change 
- Since  1957 
I n c r e a s e  Decrease -- -- 

- 1 7 . 1  
16.6 - 
66.1 - 
10.3 - 
1.1 - 

20.4 -- - 

The c h i e f  p o i n t  of s i g n i f i c a n c e  i n  t h e  Grea t  Lakes f i g u r e s  is  t h e  s u b s t a n t i a l  
growth i n  t h e  E a s t  North C e n t r a l  volume. A s  p o i n t e d  out  above, rai.1 t r a f f i c  has  
d e c l i n e d  i n  r e l a t i v e  importance i n  t h i s  a r e a ,  while  r i v e r  and e x - r i v e r  importance 
h a s  i n c r e a s e d  t o  a l e s s e r  e x t e n t  b u t  s t i l l  showing a very  importont  growth. FJhile 
h a r d l y  a r e v o l u t i o n  i n  t r a n s p o r t a t i o n ,  the  swi tch  i s  most pronounced. AS vi11 be 
p o i n t e d  o u t  l a t e r ,  much of t h i s  i n c r e a s e  i n  water  movement has been i n  u t i l i t y  c o a l  

GREAT LAKES 
-I- 

P e r c e n t  Tota l  
Co a 1 - Compe ti  t i v e  - Tonnage 1957 t o  1963 - Since 1'957 

1963 1957 

Tonnage Change 

Gain Loss 

Percent  Change 

I n c r e a s e  Decrease --- -- c_ - 
Region (000) (090) 

Middle A t l a n t i c  12.8 6.6 - 2,062 - 45.3 
E a s t  North C e n t r a l  77.2 c4.7 4.104 - 15.4 - - 8 . h 296 - -- - -  8 . 7  - West North C e n t r a l  10.0 

TOTAL 100.0 100.0 l,G2G - 5.2 - 
TIDEVATEI: MOVEMENTS 

I n  t h e  case .  of t i d e w a t e r  t r a n s p o r t a t i o n  of c o a l ,  the  o n l y  t h r e e  r e g i o n s  with 
such movements showed d e c r e a s e s  r a n g i n g  from 5.1 p e r c e n t  f o r  t h e  South A t l a n t i c  
s t a t e s  t o  17.7 p e r c e n t  i n  t h e  New England s t a t e s .  While t h e r e  was a smal l  a d j u s t -  
ment i n  t h e  seven-year p e r i o d  i n  the p r o p o r t i o n  of t i d e w a t e r  t r a f f i c  by r e g i o n ,  over- 
a l l  d e c r e a s e s  were exper ienced  throughout  t h e  t i d e v a  ter area.  

Region 
New England 
Middle A t l a n t i c  
South A t l a n t i c  

TOTAL 

TIDEWATER 

P e r c e n t  Tota l  
Coal-Compe t i  t i v e  Tonnage Change 

Tonnage 1957 t o  1 9 6 3  
1957 Cain Loss - 7- 1963 - - 

(000) (000) 
29.4 27.1 - 1,375 
47.0 47.8 - 1,157 - 316 23.6 - 25.1 - I_ 

100.0 100.0 - 2,848 

Percent  Change 
Since  1957. 

I n c r e a s e  Decrease 
- 

- 1 7 . 7  - 9.4 - 5.1 - 10.8 - - 
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TRUCK, TRAI.ffJAY AND CONVEYOR i.lOVEIENTS 

Unfo r tuna te ly  i t  i s  n o t  p o s s i b l e  t o  s e p a r a t e  t ruck  movements from tramway and 
conveyor i n  a l l  of the  r eg ions .  However, t r u c k  o p e r a t i o n s  c o n s i d e r a b l y  exceed those 
of t he  o t h e r  two types. In 1957, 41,971,000 tons were t r a n s p o r t e d  by t h e  t h r e e  
media,  o r  10.5 p e r c e n t  of t o t a l  movement. By 1963 the  t o t a l  was 50,CGG,000, o r  12 .0  
pe rcen t  o f  o v e r - a l l  t r a f f i c .  The s i g n i f i c a n t  f a c t  i s  t h a t  i n  a l l  r e g i o n s  e::cept 
New England, and that: by a sma l l  dcc rcase ,  t r a f f i c  expanded, with the  l a r g e s t  
growths i n  the  E a s t  North C e n t r a l ,  South A t l a n t i c ,  and I.lountain Regions. 

The important  never developments i n  the  t r a n s p o r t a t i o n  of c o a l  - t he  u n i t  t r a i n ,  
t h e  c o a l  p i p e l i n e ,  and volume movements - have a l l  been a s s o c i a t e d  wi th  t h e  shlpmcnl: 
of c o a l  f o r  use by the  e l e c t r i c  u t i l i t y  i ndus t ry .  This s e c t i o n  o f  the  r e p o r t  rein- 
f o r c e s  the  e a r l i e r  s e c t i o n s  by siiowing how t h e  u t i l i t i e s  have p a r t i c i p a t e d  i n  t he  
changing t r z n s p o r t a t i o n  p a t t e r n .  In f a c t ,  because of i t s  s i z e  among the  customers 
of c o a l ,  t h e  u t i l i t y  i n d u s t r y ' s  expe r i ence  wi th  t r a n s p o r t a t i o n  a c t u a l l y  d i d  much t o  
e s t a b l i s h  the  o v e r - a l l  . pa t t e rn .  

Table 4 below cove r s  t h e  methods of d i s t r i b u t i n g  u t i l i t y  c o a l ;  by r e g i o n  of 
d e s t i n a t i o n ,  f o r  t he  pe r iod  1957-1963. 
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TABLE 4A 
ELECTRIC UTILITY COAL , PATTENIS OF DISTRIBUTIOII, 

BY IETHOD OF TRANSPORTATION AND BY REGION, 1957-1963 
COAL C3llPETITlVE APSAS (EXCLUDES VEST SOUTH CENTRAL AND PACIFIC) 

Geographic  Region 
Ilethod of Movement 

New England 
A l l - r a i l  
River & ex-river 
Great Lakes 
Tidewatei- 
Truck 
T.,C.& P.R. 

Middle At lan t ic  
R.R. 
R ive r  
Great Lakes 
T idewa te r  
T ruck  
T.yC.& P.R. 

E a s t  i l o r t h  Central  
R.R. 
R ive r  
G r e a t  Lakes 
T idewa te r  
Truck  
T.yC.6r P.R. 

West North C e n t r a l  
R.R. 
R i v e r  
Great Lakes 
T idewa te r  
Truck  
T.yC.& P.R. 

Sou th  Atlant ic  
K.R. 
niver 
Great Lakes 
T idevater 
Truck  
T.yC.& P.R. 

E a s t  South C e n t r a l  
R.P.. 
R i v e r  
Great Lakes 
T idewa te r  
Truck 
T.,c.& p.r.. 

1957 - 
6,012 
1 , GO7 - .. 
4 , 405 

- 
31,662 
13  , 136 

2,017 
2,053 
9,056 

)5,398 
1 

56,436 
28 , 144 
19,087 
11,940. 

5,533 
1,732 

a ,  278 
5,011 
1,781 

685 

801 
.. 
-. 

22,251 
15 , 615 

3,231 

1,437 
1,198 

710 

23,572 
9,158 

11 , 175 

- 

- - 
1,505 
1,731 

1958 

5,76C 
1 , 199 

- 
- 
- 

4,569 - - 
28,341 
11,951 

2,023 

8,084 

1,516 

61,322 
23,611 
19,185 
10 , 707 

1,434 

2 , 333 

- 
)8,119 
1 

- 8,364 
4,219 
2,235 

640 

1,070 
- 
- 

32,734 
16,426 

3,262 

1,572 
1,474 

- 

- 
21,689 
9,491 
8,545 - 
3,653 - 

Thousands of Net Tons 
1959 - 1960 1961 - 

6,33G 6,000 6,723 
2,051 2,313 2,875 

29,300 30,GlO 30,761 
13,222 14,001 15,402 
2,004" 2,196 2,257 
1 , 271:': 1 ,143 z12 
C,2C9 8,900 6,605 
4,956 4,370 2,409 

1 , 276 

G5,360 69,572 63,133 
23,509 22,309 20,222 
21,343 23;209 25;471 
13,434 12,607 11,455 

10,074 11,367 11,041 
- - - 

9,152 10,541 10.254. 
5,070 6,036 5,639 
2,760 3,004 3,359 

539 987 79 1 

783 514 415 
- - - 
- - - 

3,342 3,754 4,754 

1 , 49 19: 1 , 46 5* 1 ,414a 
3,1Z7 3,639 2,167 - 1,927 

- - - 

24,437 26,534 2 7 , l l G  
11,5&O 14,479 . 16,63G 

9,144 9,079 7,323 - - - - - - 
3,553 2,976 2,G55 - - - 

196 2 - 
7,225 
3,005 - - 
4,220 - - 

33,092 
17  , &33 

2,291 
1 , 269 

4,640 
7,459 

74,750 
23,100 
27 , 247 
12,726 

11,597 

12.218 
6,562 
3,636 

759 

1 , 261 
- 
- 

31,951 
21,418 
4,028 

1,388 
4,317 

- 

- 
28,862 
13,035 

5,001 - - 
2,745 - 

- 
1963 - 

7.770 
2,430 
- .- - 

- - 
5,340 

- 

2,303 
831 

8 , 801 
4,901 

73,944 
26,123 
27 , 273 
14,467 - 
11,081 

13,179 
7,145 

751 

1 , 498 

3,785 

- 
35,977 
25 , 133 
4,917 

1,485 
4,442 

- 

- 
32.436 
19,963 

8 , 756 - 
3,717 - 

I 

r 

:t Es t ima ted  from incomplete  data. 
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ELECTRIC UTILITY COAL, PATTEPJIS OF DISTRIBLRIO:I, 
BY IETKOD OF TMNSPORTATION AiID BY REGION,  1957-1963 

COAL COIIPETITIVE ARIEAS (EXCLUDES \EST SOUTH CEtlTMJ, MID PACIFIC) 

1 437 
r..:t. 1 ,103  
River - 
Great Lakes 
T i d e ~ a t  e r  - 
Truck 298 
T.,C.h P.E. 35 

L Mountain 

Geographic Reg ion  Thousands of N e t  Tons 
1957 __ 1956 I_ 1353 __ i960  1351 __ 1962 29 

1 541 2,327 2.?30 3,&07 3,738 5 ,832  
938 1,702 1 ,455  1 ,621  2,190 2,,545 

- lie thod o f I lov enen t -. -- - 

- - - - - - 
550 572 1,300 1 ,633  1,500 3,222 

53 53 25 103 9C 65 

To ta l  Coal Competit ive 
Re? ions 159 ,G48 
All-rail  73,774 
Giver & e x - r i v e r  
Grea t  Lakes 
Tidewater 
Truck 
T.,C.G P.K. 

N e w  England 
A l l - r a i l  
River & e::-river 
Grea t  Lakes 
Tidewater 
Truc 1: 
T.,C.& P.R. 

Middle A t l a n t i c  
n. R. 
River 
Great Lakes 
Tidewater 
Truck 
T.,C.& P.R. 

East Worth Cen t ra l  
X.R. 
River 
Great Lakes 
Tidewater 
Truc!c 
T.,C.& P.R. 

37,294 
14,676 
14,900 
14,733 

4,269 

100 .o 
100.0 
- 

- - 
100.0 - - 
1O0,o 
100.0 
100.0 
100.0 
100.0 

)lOO,O 
1 

100.0 
100,o 
100.0 
100.0 

)100,0 
1 

- 
- 

- 150 L.-- 259 166,740 2 3 , 2 0 4  175,235 191,886 208,438 
68,035 75,592 72,982 82,010 91,E24 100,753 
35,250 3C,533 41,2&2 
12,9C1 15,2[;!:. 1 & , 7 3 7  

225 14,035 14 ,052  
';9,715 ' 23,223 24,166 

5 3  5 3  

TABLE 4C 
Index, 1957.-;130.0 

95,q 
74.6 - - 

103.7 - 
- 

89.5 
91.0 

100.3 
69.8 

89.8 

- 
89.2 

93.1 
84.6 

100.5 
89.7 

111.8 

- 
- 

105.6. 
129.5 
_c 

- 
- 

96.6 - 
- 

94.1 
101.1 

99.4 
61.9 
91.5 
91.8 

- 

102.9 
03.5 
111,s 
112.5 

132.7 

7 

- 

25 

99.8 
143.9 
- 

.. 
83.7 - - 
96 7 

106.6 
108.9 

55.7 
98.3 
81.0 

A 

104.7 - 
79.6 

121.6 
105.6 

156.5 
- 

43,G6& 
13,XG 

20,273 
3,305 

13,C,57 

111.; 
17C.9 
I_ 

- 
- 

87.4 - - 
91.2 

117.3 
111.9 

39.6 
95.0 
68.3 

102.7 
71.9 

133.4 
96.0 

152.0 

- 
- 

&G ,023 

13,067 
2G ,060 

98 

l k ,  754 

120.2 
1C7.0 
- 

- 
35.8 - - 

104.5 
132.7 
113.6 

61.8 
82.3 
26.0 

- 

112,5 
82.4 

142.8 
106.6 

159.6 

47,034 
16,099 
15,626 
28,361 

65 

129.2 
151.2 - 

- 
121.2 - - 
108.3 
132.6 
114.2 
42.9 
97.2 
90.8 

- 

118.8 
92.8 

142.9 
121.2 

152.5 

- 

- 



142 

TACLE 4 B  - Cont’d. 
ELECTRIC UTILITY COAL, P-’.TTC?.IlS OP DIST?,IB’TTOi., 

BY IETHOD ’IF TIXISl’9ILTATTO~i hi3 BY W G I O N ,  1957-1963 
COAL COiCETLTIVE AraAS (EXLUXS TEST SOUTH CENTi’SIL l.13 PACIFIC) 

Geographic  Region 
i k t h o d  of No-Jemcnt 

West Horth Central 
?,*Re 
Xiver 
Great La!ces 
Tidewater  
Truck 
T. ,C.& P.R. 

South A t l a n t i c  
R. I:. 
River 
Great Lakes 
T idewa te r  
Truck 
T.,C.& P.R. 

E a s t  South Central 
2.R. 
P,iver 
Great La!:es 
T idewa te r  
Truck 
T. ,c.& p.c. 

?fountain 
K.2.. 
River  
Grea t  Laices 
T ideva t  e r  
Truck 
T. >C,&  P.B. 

-_I_ 

T o t a l  Coal Competi t ive 
-- Regions 

A1 1- r a i l  
R ive r  & e x - r i v e r  
Great Lakes 
T i d e v a t  er 
Truck 
T.,C.& P.B. 

Tnde::, 1957=100.0 - 
1957 __ 1952 1959 __ 1960 __. 1961 - 19G2 1333 - - 

100.0 
100.0 
100.0 
100.0 

100 .o 

.I_ 

- 
100 .o 
100.0 
100.0 

100.0 
100.0 

- 
.. 

100.0 
130.0 
100.0 

- 
- 

100.0 - 
100.0 
100.0 
- 

- - - 
100.0 - 

100,o 
100.0 
100.0 
100.0 
100.0 

- 

- - 

101.0 
34.2 

125.5 
122.6 

133.G - 
102.2 
105.2 
101.0 

109.4 
74.9 

_I_ 

- 
- 

92.0 
103.5 

76.4 

- 
- - 

112.9 - 
107.2 
C5.0 
- 

- - - 
130.5 - 

94.1 
92.2 
94.5 
82.4 
95.5 

- 

- - 

110.6 
101.2 
155.0 

73.7 

97.0 

- 

- 

llc,3 
117.3 
103.4 

103. G 
161.9 

- 

- 
102.7 
127.1 
Gl.2 

- 
- - 

112.9 

151.3 
154.3 
- 

- - - 
137.1 - 

104,r; 
102.5 
103.5 
103.9 

9&, 2 - - 

127.3 
120.5 
168.7 
144.1 

64.2 

_I 

- 
- 

122.1 
117.3 
116.2 

101.9 
184.9 

- 
- 
- 

112.6 
158.1 
81.2 

- 
- - 

92.0 - 
193,5 
131.9 

- 
396.7 - 
108.5 
107.1 
110.6 
100.4 

94.3 

- 

123 9 
113.5 
123.6 
115.5 

51,s - 
13k.O 
125.3 
147.1 

3:; 4 
203.0 

115.0 

- 
- 
- 

1G1.7 
70.0 - - 
82.0 - 

237.1 
1&7.0 
- 

- - - 
536.7 - 

110,4 
111.2 
117.1 

89 .o 
93.1 - - 

147.5 
131 .O 
204.2 
110.8 

157.4 

- 

- 
- 

143.6 
137.2 
149.4 

96.6 
219.4 

- 
- 

- 
122.4 
196.9 

72.3 

- 
- - 

64.8 - 
263.6 
i93.5 
- 

- - - 
G78.4 - 
120.2 
124.5 
123.6 
100.5 

87.7 - - 

159.2 
142.G 
212.5 
109. G 

187.0 

- 

- 
- i 

152.2 

103.3 
22.5.7 

- 

, 

137.6 
218.0 
78.3 

- 
- - 

114.9 - 
405.e 
230.7 
- 

- - 
,. 

984,! - 

130.6 
130.6 
125,l 
109.7 
104.9 

- 

- - 
Source: Bitumicous Coal and L i g n i t e  D i s t r ’ ibu t ion ,  Branch of Coal Economics , Div i s ion  

of Coal, Cureau of  Mines, U, S .  Department of the I n t e r i o r .  
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A breakdoin O L  r e g i o n a l  r e c e i p t s  by i.iode 0,' t r a n s p o r t a t i o n  h iCh l i$ t s  t h e  sevcn- 
year  chanzes vhicl i  have taken p l a c e  i n  t h e  d f s t r F b u t i o n  landscnpe.  

ALL- PAIL IOVE: EiITS 

:enion 
New 2nSland 
Niddle  A t l a n t i c  
S a s t  i 'orth C e n t r a l  
West ;:orth C e n t r a l  
South A t l a n t i c  
E a s t  South C e n t r a l  
Mount a i  a 

TOTAL 

Percent  of T o t a l  
U t  i l i t v  iiovcnent 

190; 1957 
2.2 2.L. 

17.3 17.3 
38.1 25.9 

6.3 7 . 1  
21.2 25.2 
12.4 i7 .S 

- - 

1.5 2.5 
100.0 100.0 
- 

Percent  Change 
over  1C57 

I n c r e a s e  1;ecrcase 
51.2 - 

,32.G 

42.G - 
51.0 - 

118.0 - 
130.7 2 
36.5 - 

- 7.2 

- 
The only  d e c r e a s e  Ln u t i l i t y  tonnaze v a s  i n  t h e  East North C e n t r a l  Region i:hich 

sail t h i s  b u s i n e s s  drop 7.2 p e r c e n t  an? s l i p  from 33.1 percent  t o  25.9 percent  of a l l  
u t i l i t y  shipments i n  coa l -compet i t ive  reg ions .  As will be shoim belo~r,  u t i l i t y  vo l -  
uine i n  t h i s  reZion  h a s  s h i f t e d  from rail  t o  water. 

The l a r z e s t  i n c r e a s e  i n  volume i n  an  i n p o r t a n t  a r e a  was i n  t h e  E a s t  South Cent- 
r t l .  s t a t e s ,  V7hiCh saw a r ise  of 130.7 p e r c e n t ,  t i i t l i  P a r t i c i p a t i o n  i n  t h e  t o t a l  r i s i n g  
from 12.4 p e r c e n t  i n  1957 t o  19.8 percent  by 1963. A h e a l t h y  i n c r e a s e  a l s o  tool: 
?!.ace i n  t h e  South A t l a n t i c  Region. 
r a t e s  and t r a i n l o a d  novements, e s p e c i a l l y  adaptcd t o  u t i l i t y  c o a l  movement. 

Both of t h e s e  a r e a s  have b e n e f i t t e d  from volume 

Percent  of Total 
U t i l i  t \; llovemen t 

1363 1357 
Middle Arlnntic 5.4 6 . 3  
E a s t  ilortli C e n t r a l  51.2 5: .o 
VJest :!orth C e n t r a l  4.6 C . 0  
South A t l a n t i c  8.6 10.5 

- - Renion 

1C.5 
TOTbL 100.0 1oc. 2 

-- E a s t  South C e n t r a l  ~ 30 0 

Percent  Change 
over  1357 

I n c r e a s e  Cecrease 
I&. 2 - 
42.9 - 

112.5 - 
52.5 - 

- 

These r i v e r  and e x - r i v e r  f i g u r e s  f o r  u t i l i t y  c o a l  show two s i g n i f i c a n t  though 
o o p o s i t e  t r e n d s .  
c e n t ,  wi th  t h e  r e z f o n ' s  p a r t i c i p a t i o n  i n  to t a l .  u t i l i t y  shipmects  up from 51.2 per- 
c e n t  t o  52.0 percent .  This  is  t h e  a r e a  (Ohio, Ind iana ,  I l l i n o i s ,  !J isconsin and 
Nichigan)  where t h e  barg ing  of  u t i l i t y  c o a l  has  Srovm r a p i d l y  t o  f a c i l i t a t e  t h e  
:qeeting of :as c o n p e t i t i o n .  Increased  use  of r a i l ,  though s e v e r a l  c o n t r a c t s  have 
a l r e a d y  been consummated f o r  volume movement f n  u n i t i z e d  t r a i n s ,  t r i l l  no t  show up 
y e t  i n  r e c e n t  o y c u r r e n t  f i g u r e s .  

i l iver  movements i n  t h e  East i:ortli C e n t r a l  ReZion v e r e  up 42.9 per -  

On t h e  o t h e r  hand, movements by r a i l  i n  t h e  E a s t  South C e n t r a l  Region (Kentucky, 
Tennessee,  Alabama and 1 , i i s s i s s i p p i )  have i n c r e a s e d  a t  t h e  expense of water, which 
has  d e c l i n e d  21.7 p e r c e n t  and even more s i g n i f f c a n t l y  now is responsibi le  f o r  on ly  
i 3 . G  percent  0 2  t o t a l  movement, compared t o  30.0 p e r c e n t  i n  1957. 
s e n t  i s  of u t i l i t y  c o a l  and t h e  r a i l r o a d s ,  bo th  i n  s e r v i c e  and c o s t ,  have worked with 
t h e  s h i p p e r s  and r e c e i v e r s  t o  make p o s s i b l e  a low d e l i v e r e d  p r i c e .  

. 
Again, t h i s  move- 
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Only t h r e c  r e g i o n s  have  a n y  Grea t  La1:es c o a l  movements, as set f o r t h  i n  t h e  
f o 1 l o v i n g  t a b u l a t i o n :  

Percent  of T o t a l  Percent  Change 
U t i 1  i t y  Novenent over  1957 

2e:ion - 1957 - 13G3 I n c r e a s e  Decrease 
PIiddlc A t l a n t i c  14.0 5.5 - 57.1 
Cas t  i lor th  C e n t r a l  61.3 23.9 21.2 - 
!!est I b r t h  S e n t r a l  4.7 

TOTAT, 100.0 100.0 9.7 - 
- - 9.6 - &.G - 

As shown above, s u b s t a n t i a l  i n c r e a s e s  have talcen p l a c e  i n  r a i l  and r i v e r  move- 
ments.  lluch of t h i s  c o a l  has been  d i v e r t e d  from movement on t h e  lakes .  

Vnile  t ic le i ia tcr  c o a l  h a s  s l i p p e d  i n  t h e  o v e r - a l l  p i c t u r e ,  i t s  importance i n  t h e  
movement of con1 t o  !kv England h a s  i n c r e a s e d  by 4.6 percentage  p o i n t s ,  matched by a 
n e a r l y  e q u a l  d e c r e a s e  t o  t h e  Middle A t l a n t i c  area. Increased  usc  of t idewater  t o  
N e w  England is an i n p o r t a n t  p a r t  o l  t h e  ei 'r 'orts of t h e  c o a l  inc!ustry t o  market i t s  
product  i n  an a r e a  uhere  t r a n s p o r t  c o s t s  have been a b a r r i e r  t o  en t ry .  

T IDETIATEI: 1lGWIElITS 

Percent  of T o t a l  Percent  Change 
U t i l i t y  liovement over  1957 
1957 19G3 I n c r e a s e  Decrease - - Reflion 

Mexi England 29.G 34.2 2 1 . 2  - 
Middle A t l a n t i c  60.0 55.3 - 2.6 
South A t l a n t i c  ' 

TOTAL 
3 .5  

100.0 100 .o 
_I_ 

9.6 - 
Unfor tuna te ly ,  as t r u e  w i t h  u t i l i t y  movene:lt as v5th t o t a l  d i s t r i b u t i o n  truclc 

s t a t i s t i c s  are not  c l e a r  i n  t h e  s e n s e  t h a t :  (1) tramway, conveyor, and p r i v a t e  
r a i l r o a d  d a t a  may be lumped i n  w i t h  truc!: r ' igures ,  and (2) t h e r e  i s  no apparent  
p a t t e r n  used i n  a s s e n b l i n g  such  informat ion .  

Keeping i n  mind t h e  p o s s i b l e  u n r e l i a b i l i t y  of such d a t a  i n  z e n e r a l ,  t h e s e  
s t a t i s t i c s ,  based on t h e  same d i s t r i b u t i o n  d a t a  of t h e  Bureau o i  i i ines  used through- 
o u t  t h i s  r e p o r t ,  i n d i c a t e  t h e  p r o g r e s s  of t r u c k  t r a n s p o r t a t i o n  o l  c o a l  Over t h e  
seven  years. 

TRUCK 1;OVEllEiFS L/ 
Percent  oi T o t a l  Percent  Change 
U t i l i t y  Novement over  1357 
1957 - 13G3 I n c r e a s e  Decrease - Region 

Middle A t l a n t i c  28.4 1 G  .9 9.2 
East North C e n t r a l  3s. 2 3c .3 52 .5  - 
\Jest  Worth C e n t r a l  4.2 5.2 87.0 - 
South A t l a n t i c  10.4 15.4 125.7 - 
East South C e n t r a l  17.0 12.c 14.9 - 
Mountain 

TOTAL 100.0 100 .o 95.2 - - l . G  - 11.1. - 884.1 - - 
- 1/ Conta ins  movements of tramways, conveyors and p r i v a t e  r a i l r o a d s  - 4,269,000 

t o n s  i n  1957 and 65,000 t o n s  i n  1963. 
n o t  a v a i l a b l e ,  

S e p a r a t e  break-outs  of t r u c k  movements a r e  

i 
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The most s i y i f i c a n t  change i s  i n  t h e  Cast IJorth C e n t r a l  a r e a  which while  i n -  
c r e a s i n g  movement 52.5 percent  maintained i t s  percentage  s h a r e  01 t h e  t r u c k  volume. 
It i s  t h i s  a r e a  v h e r e  r a i l  movement decreased s u b s t a n t i a l l y ,  l a r g e l y  eroding t o  water  
and motor t r a n s p o r t a t i o n .  

The n e x t ,  and summary t a b u l a t i o n ,  shows t h e  changes which have taken p l a c e  i n  
t h e  s h a r e  of each r e g i o n ' s  u t i l i t y  market by each mode of t r a n s p o r t a t i o n .  

Region 
New England 
Middle A t l a n t i c  
East North C e n t r a l  
West ?Jorth C e n t r a l  
South A t l a n t i c  
East South C e n t r a l  
Hountain 

River  and Great 
La!:es Tidewater  Truck, etc. - Rail  Ex-River 

+-E? - - +4. G 
- 0.5 - 0.5 -0.5 -4.5 -11.5 
-12.2 -I- 6.8 -:-a. G - -I- 0.1 
-:-0.3 iL3.2 -0.1 - + 1.0 
- : - 3 . 8  i - 1 . 9  - -0.1 -:- 5.0 
-:. 7.4 -11.4 - 4 . 2  
-:. 1.0 -b 9.G 

- - - - - 
R a i l ' s  major g a i n s  have g e n e r a l l y  been i n  t h e  s o u t h ,  wi th  water's c h i e f  advances 

i n  t h e  nor th .  I4ajor l o s e r  wi th  r e s p e c t  t o  a l l  f i v e  forms of shipment lias been t h e  
Middle A t l a n t i c  a r e a ,  
t h e  r e g i o n s  where c o a l  is  t rucked .  

Minor t r u c k  t r a n s p o r t  g a i n s  have been experienced i n  tour  of 

Any r e a l i s t i c  comparison of t h e  c o s t  t o  t h e  c o a l  s h i p p e r  of us ing  t h e  v a r i o u s  
t r a n s p o r t a t i o n  techniques  i s  n o t  f e a s i b l e .  T1ii.s is  brought  o u t  i n  our  d e s c r i p t i o n  of 
each mode i n  its c o a l  t r a n s p o r t a t i o n  func t ion .  

- R a i l  t r a n s p o r t a t i o n  h a s  long been t h e  major method of g e t t i n g  c o a l  from t h e  
mines t o  t h e  market. The assembly, c l a s s i E F c a t i o n ,  l i n e  h a u l  and d i s t r i b u t i o n  of 
c o a l  has  been rr i thout  p a t t e r n  of o r g a n i z a t i o n ,  e s p e c i a l l y  as between coa l -car ry ing  
roads.  Rate  d i f f e r e n t i a l s  e x i s t  between o p e r a t o r s  wi th  r e s p e c t  t o  sources  and 
markets.  Hovever, t h i s  i s  n o t  t h e  p l a c e  t o  Bc s p e c i f i c  and t o  go i n t o  d e t a i l ,  

The one except ion  t o  d a t e  h a s  been t h e  t r a n s p o r t a t i o n  of u t i l i t y  coa l .  I n  orde:: 
io permit  t h e  d e l i v e r y  of c o a l  a t  t h e  lotrest p r i c e  ( c e n t s  per  m i l l i o n  b. t .u . ' s )  t o  
n e e t  compet i t ion  from gas  and o i l ,  and undoubtcdly i n  t h e  f u t u r e  r'rom nuclear  power, 
two s t e p s  have been t a k e n  by c o a l  producers ,  r a i l r o a d s ,  and u t i l i t i e s  i n  c o o p e r a t i o ? ,  
though of  course ,  p r i m a r i l y  by t h e  f i r s t  two: (1)  guaranteed volume, and (2)  u n i t  
t r a i n  o p e r a t i o n s .  

F i r s t  t o  develop were guaranteed  volumes, where t h e  r a i l r o a d s  vould al low l o v e r  
r a t e s  f o r  a guaranteed  annual  tonnage. The u t i l i t y  vrould then  t a k e  t h e  tonnage, i f  
t h e  d e l i v e r e d  p r i c e  would be r i g h t .  

T h i s  type  of  t r a n s p o r t a t i o n  h a s  not  gained t h e  a t t e n t i o n  o r  t h e  imaginat ion of 
t h e  p u b l i c  as h a s  t h e  " u n i t i z e d  t r a i n . "  S t a r t i n g  e a r l y  i n  1953, t h i s  type  of ra i l  . 
movement o f f e r s  1017 t r a i n - l o a d  rates f o r  c o a l  assembled from a v e r y  l i m i t e d  number 
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of o r i g i n s  (mines) t o  one o r  two u t i l i t y  d e s t i n a t i o n s .  Rate  r e d u c t i o n s  hinge on a 
number of c o n s i d e r a t i o n s .  A c u t  o f  from one- four th  t o  one- th i rd  r e p r e s e n t s  the  
g e n e r a l  range.  The term " i n t e g r a l  t r a i n "  i s  sometimes used t o  d e s c r i b e  t h i s  opera- 
t i o n .  ' No such t r a i n  e x i s t s ,  except  perhaps on t h e  drawing boards. \,Jith such a 
t r a i n ,  equipment i s  s p e c i a l  and t h e  t r a i n  e x i s t s  a s  a u n i t  not t o  be broken up. A 
t y p i c a l  movement, f o r  example,  as  provided i n  one t a r i f f ,  i s  t h r e e  days from 
IIestern Pennsylvania  t o  t h e  New York-New J e r s e y  i n d u s t r i a l  ( u t i l i t y )  complex, heavy 
p e n a l t i e s  f o r  de lay  i n  unloading  and a r e t u r n  t r i p  i n  another  t h r e e  days.  The true 
i n t e g r a l  t r a i n  i s  some time o f f .  However, meanwhile the  u n i t i z e d  t r a i n  i s  h e l p i n e  
t h e  c o a l  i n d u s t r y  stem and i n  many i n s t a n c e s  r e v e r s e  the e r o s i o n  of i t s  markets.  

-- l l a t e r  t r a n s p o r t a t i o n  h a s  been i n s t r u m e n t a l  i n  d e l i v e r i n g  low c o s t  c o a l  t o  
u t i l i t i e s  and i n d u s t r i e s  on or near  waterways. S t a t i s t i c s ,  o t h e r  than those  devel- 
oped above, a r e  scarce ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  c o s t .  A r e l a t i v e l y  l a r g e  volume 
of t h i s  t r a f f i c  i s  c l a s s i f i a b l e  a s  p r i v a t e  t r a n s p o r t a t i o n .  This  has  been very  
e f f e c t i v e  i n  main ta in ing  c o a l  compet i t ive  i n  t h e  Ohio-Mississ ippi  system, a s  well a s  
o t h e r  r i v e r  complexes. 

I n  t h e  y e a r s  ahead, water  t r a n s p o r t a t i o n ,  e s p e c i a l l y  on  i n l a n d  imterways,  w i l l  
b e  an i n c r e a s i n g l y  e f f e c t i v e  weapon i n  c o a l ' s  compet i t ion  v i t h  gas  and o i l .  

-- Truck t r a n s p o r t a t i o n ,  t h e  t h l r d  of the  s tandard  modes, does not  l e n d  i t s e l f  t o  
c o s t  o r  o p e r a t i n g  a n a l y s i s .  Again, t h i s  is a p r i v a t e  opera t ion ,  even more than 
water  c a r r i e r s .  There i s  no conaon c a r r i e r  movement- of coa l .  Flith few o r  no 
d e t a i l e d  r e p o r t s  t o  be made t o  government, e i t h e r  f e d e r a l  o r  s t a t e ,  average length  
of h a u l ,  r a t e s ,  volume, e t c .  a r e  open t o  ques t ion .  The only  n a t i o n a l  f i g u r e s  a r e  
t h o s e  r e p o r t e d  t o  t h e  Bureau of Mines, shoving such informa2ion a s  has  been s e t  
f o r t h  p r e v i o u s l y .  

The r o l e  of t r u c k  t r a n s p o r t a t i o n  i n  t h e  c o a l  markets  of 1970 and beyond cannot 
be a s s e s s e d  from t h i s  p o i n t .  

-- The Coal  P i p e l i n e .  Before  concluding  t h i s  paper ,  r e f e r e n c e  should b e  made to  
t h e  c o a l  p i p e l i n e .  From i t s  o r i g i n  i n  195.7 t o  t r a n s p o r t  c o a l  from Consol ida t ion  
Coal  Company's Georgetown mine a t  Cadiz ,  Ohio some 105 miles t o  t h e  Cleveland 
E l e c t r i c  I l l u m i n a t i n g  Company's E a s t l a k e  P l a n t ,  t h e  p i p e l i n e  e x c i t e d  imagina t ion .  
Operacing c o s t s  have n o t  been made p u b l i c ,  
f a l l  of 19G3, a f t e r  having been  o p e r a t e d  f o r  an e s t i m a t e d  700 m i l l i o n  t o n  m i l e s  of 
c o a l ,  because  r a i l r o a d  r a t e s  on t h e  same c o a l  were s u b s t a n t i a l l y  reduced.  I t  h a s  
been e f f e c t i v e l y  demonstrated t h a t  t h i s  method of  t r a n s p o r t a t i o n  i s  e n t i r e l y  f e a s i -  
b le t e c h n i c  a 1 1 y .' 

The Ohio p i p e l i n e  was d e a c t i v a t e d  i n  the  

T e n t a t i v e  p l a n s  have been made, i n  one i n s t a n c e  p r o g r e s s i n g  t o  a p o i n t  where 
a t t e m p t s  were made through t h e  a c t i o n  of s t a t e  l e g i s l a t u r e s  t o  o b t a i n  eminent  domain 
r i g h t s ,  t o  provide  c o a l  p i p e l i n e s  (1) from West V i r g i n i a  t o  the  New York-New J e r s e y  
i n d u s t r i a l  a rea ,  (2) from southern  I l l i n o i s  t o  Chicago, and (3) t o  the  West Coast  
( C a l i f o r n i a )  from Utah and sur rounding  a r e a s .  However, u n t i l  c o a l  p i p e l i n e s  can  
s e c u r e  eminent  domain i n  i n t e r s t a t e  o p e r a t i o n s ,  a r i g h t  now possessed  by competing 
f u e l s ,  expansion of t h e  p i p e l i n e  w i l l  be s e r i o u s l y  handicapped. 

There a r e  many f a c e t s  of  c o a l  t r a n s p o r t a t i o n  which we have not  tapped, such a s  
compara t ive  c o s t s  as between t r a n s p o r t  modes and wi th  r e s p e c t  t o  c o a l  and competing 
fuels. To be reasonably  adequate ,  i n  t h e  c a s e  of c o a l  such c o s t s  would have to  be 
c o n s t r u c t e d  r a t h e r  than  o b t a i n e d  from o f f i c i a l  records .  Such d a t a  would not  se rve  
o u r  purpose.  
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The t r a n s p o r t a t i o n  f u t u r e  f o r  c o a l  i s  a b r i g h t  one. Tiis i s  v e r y  favorable, 
a s  c h i e f  f u t u r e  r e d u c t i o n s  i n  the  d e l i v e r e d  p r i c e  of c o a l  wi.ll have t o  c o w  from 
d i s t r i b u t i o n  r a t h e r  than p roduc t ion ,  

i.ial,/frn . .--, 
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ECONOMICS OF ENERGY TRANSPORTATION - 
PETROLEUM AND PETROLEUM PRODUCTS TMNSMISSION 

By J .  A .  Horner, Pres ident  
S h e l l  Pipe Line Corporation 

INTRODUCTION 

The t r a n s p o r t a t i o n  of  petroleum and petroleum products i s  a t  t h e  

same t i m e  competitive and complementa ry... t r u c k s  compete with r a i l r o a d s  and 

p i p e l i n e s ;  p ipe l ines  compete wi th  barges  and tankers;  ta-nkers compete wi th  

barges, and s o  on. A t  t h e  same t i m e  t h e s e  competitors complement each other  

i n  t h a t  a s i n g l e  uni t  of petroleum energy, t o  achieve i t s  most economical 

de l ivery ,  may be handled by as many as f o u r  separa te  t r a n s p o r t a t i o n  media 

from t h e  wellhead t o  t h e  consumers tank .  

This complex t r a n s p o r t a t i o n  system suppl ies  some 1-1/2 m i l l i o n  

t o n s  (approximately 10.9 m i l l i o n  b a r r e l s  p e r  day) of petroleum products '&ly 

' t o  such d i v e r s e  d e s t i n a t i o n s  as s e r v i c e  s t a t i o n s ,  home hea t ing  tanks,  publ ic  

u t i l i t i e s ,  r a i l r o a d  f u e l i n g  yards ,  s h i p s '  bunker tanks,  and t h e  n a t i o n ' s  

a i r p o r t s .  

O i l  today e f f i c i e n t l y  suppl ies  44 percent ,  p e r  Table 1, of t h e  

n a t i o n ' s  energy requirements. Some 50 percent  of t h i s  i s  suppl ied t o  t h e  

s o - c a l l e d  s a f e  market--motive f u e l s .  Iiere, severe  competition between supply- 

i n g  companies wi th in  t h e  o i l  i n d u s t r y  provides every incent ive  f o r  continuous 

improvement of t ransportat i -on f a c i l i t i e s .  To supply and r e t a i n  t h e  o ther  

50 percent  of o i l ' s  energy market, t h e  i n d u s t r y ' s  competition i s  not only 

between t h e  many supplying companies, but  t h e r e  i s  r igorous competition from 

o t h e r  energy sources, mainly gas  and coa l .  
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Thus, there is not only great emphasis in our business on the 

economics of transportation, but there is the sheer necessity of competing 

in the market place if individual companies are to sunrive and prosper. 

T. STATE OF DEVELOFMENT 

This transportation of enx-gy is in two parts: the collection at 

refineries of the crude oil from remote sources and the dispersion of prcc;- 

vc?.s to the market. While unit transportation costs are Low, they are 

significant and total approximately 2 cents per gallon at such destinations 

as Ne-?T York, Chicago, and Los Angeles. Thus, the money to be saved by 

economical transportation is great, and the justification for investment in 

freight-saving facilities is correspondingly great. 

The main facilities which effect this efficient transportation job  

form an impressive total as detailed in Table 2. Today’s replacement c o s t  

minus depreciation is estimated at $7-112 billion; original gross investment 

is perhaps $5 to $6 billion. 

In addition to the facilities included in the foregoing, petroleum 

utilizes such specialized distribution systems as pipeline fueling at seven 

major commercial airports and about fifty-two military air bases, dozens 

of marine terminals, pipelines for delivery to utilities and railroad yards, 

an1 pipelines for supplying heating oil direct to some 50,000 homes, mainly 

in housing developments. 

Comparative use of Fetroleum’s main transportation facilities and 

trends in such usage are listec? in Table 3. 

trucks and pipelines are handling a much larger share of petroleum tonnage 

Compared to 1940 and 1950, 
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del ivered  daily,  bu t  s ince  1955 t h e  d iv i s ion  of tonnage de l ivered  has 

changed very l i t t l e .  Actually,  a p rec i se  comparison of t he  work done by 

t h e  d i f f e r e n t  ca t egor i e s  of t r anspor t a t ion  should include t h e  d is tance  

hauled, with t h e  t a b u l a t i o n  expressed i n  ton-miles, bu t  s t a t i s t i c s  on t h i s  

b a s i s  are not a v a i l a b l e .  It i s  evident,  however, t h a t  s ince  t h e  p ipe l ine  

and marine ca tegor ies  t r a n s p o r t  petroleum t h e  longes t  d i s tances ,  they  thus 

perform t h e  bulk of t h e  ton-mile t r a n s c o r t a t i o n  job .  

What a r e  t h e  economic fo rces  which have l e d  t o  t h i s  " s t a t e  of 

development"? Basic, of course, i s  the  competitive dr ive  a l ready  noted, 

b u t t h e  t r ends  and improvements i n  new f a c i l i t i e s  r e f l e c t  t h e  ecmomic impact 

of two major f a c t o r s :  

(B)  t echnologica l  development including automation. 

( A )  l a rge - lo t  t r anspor t  over maximum dis tance ,  

A. LARGE-LOT CONCEPT 

Super tankers ,  l a r g e  barge tars, jumbo tank cars ,  mammoth trucks,  

l a r g e  diameter p i p e l i n e s  a l l  t e s t i f y  t o  t h e  simple economic f a c t  t h a t  l a rge  

q u a n t i t i e s  can be t r a n s p o r t e d  cheaper than small quant i t ies - -per  ton .  Costs 

a r e  spread over more u n i t s .  Extra handling i s  a l s o  minimized by t h e  l a rge  

t rucks  de l ive r ing  d i r e c t  from r e f i n e r i e s  and te rmina ls  t o  se rv i ce  s t a t i o n s  

and consumers, t hus  bypassing bulk depots. Table 4 i l l u s t r a t e s  t he  s i z e  of 

today ' s  t r anspor t a t ion  equipment and how it compares wi th  t h a t  of twenty 

years  ago. 

Amount of f r e i g h t  saved by the  l a rge - lo t  concept i s  i l l u s t r a t e d  

i n  Table 5.  Thus, f o r  example, a new 47-M LNT tanker  saves, roughly, 50 per- 

cent versus  a new 16-~ LNT T-2 type tanker  (which i s  no longer economic t o  

b u i l d )  on the  Gulf-New York run; a 24-inch d i ame te r . l i ne  saves about 
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60 percent versus a 10-inch line; a jumbo 20,000-gallon tank car can save 

25 percent on a 1,000-mile haul versus a 10,000-gallon car; and an 8,500- 

gallon truck saves 15-30 percent on a 50-mile haul (100-mile round trip) 

versus a 6,500-ga~on size. 

Economic assessment of utilizing large equipment necessarily takes 

into account other factors than just the point to point freight saved. 

Specifically, the large-lot concept requires large tankage and inventory at 

delivering and receiving points. 

requires deep berths, heavy piers, and rapid loading and unloading facilities. 

Terminal size and investment to service large marine equipment versus small 

In the case of super tankers, it also 

are compared in an example in Table 6. 

,throughputs must be achieved for the freight saved by the "large-lot" 

carrier to offset the extra cost of terminal facilities and inventory required 

'This suggests that certain minimum 

for the big ships. 

While the economic incentives behind the large-lot concept are, . 

of course, age-old and not peculiar to oil, our industry is n m  able to 

exploit to a high degree the economies of the large-lot concept because of 

several developments : (1) sufficient underlying demands, (2) improvement 

of rivers and harbors, (3) improved highway system. 

1. Sufficient Underlying Demands 

Use of pipeline and marine transportation obviously depends on 

establishment of a minimum demand level, and f o r  a minimum sized products 

pipeline of some 6-inch diameter and 100 miles long, such demand is roughly 

10,000 barrels per day versus trucking. For a barge terminal, it is about 

1,000 barrels per day versus trucking. Growth in population has brought 



152 

combined product demand l e v e l s  i n  more and more urban areas  (and a 50-mile 

surrounding a rea )  not only t o  these  minima but  a l s o  t o  t h e  minima requi red  

t o  pay out p ipe l ines  ve r sus  marine transportation--where the  l a t t e r  i s  

handicapped by a longer rou te  or winter  i c e .  Examples of t h e  l a t t e r :  West 

Shore Pipe Line (Chicago t o  Green Bay), Wolverine Pipe Line (Chicago t o  lake 

p o r t s ) ,  Olympic Pipe Line (Puget Sound t o  Por t l and) .  Growth of demand f o r  

s ing le ,  hard-to-handle products  such a s  propane has a l s o  reached t h e  poin t  

where volume makes p i p e l i n e  t r anspor t a t ion  f e a s i b l e .  Texas Eastern,  Mid- 

America and Dixie P ipe  Lines a r e  examples of common c a r r i e r  p ipe l ines  now 

handling propane. S imi l a r ly ,  LPG tankers  and barges have become f e a s i b l e  

f o r  coast-wise and in l and  waterway movement of propane. 

2. Improvements of Rivers and Harbors 

Extensive harbor improvements f o r  t h e  l a r g e r  d r a f t  ocean tankers  

a r e  programmed p e r  Table 7. Examples: 

LARGEST TANKER 
.(M 13WT) PROJECT 

NOlJ FUTURE COMPLETION DATE 

New York 47 85 1967 
San Franc isco  38 85 1965 

Through ex tens ive  work by the  Federal  Government during the  1930's, 

many of t h e  in land  r i v e r s  were opened t o  reasonable (9- foot )  d r a f t  barge 

t r anspor t a t ion ,  and, of course,  barge te rmina ls  were e s t ab l i shed  i n  coas t a l  

harbors and waterways. Two cur ren t  barge p ro jec t s  of s ign i f icance  a r e  

(a )  t h e  lock  enlargements on t h e  Ohio River t o  1,200 f e e t  each (formerly 

600 f e e t )  t o  accommodate l a r g e  taws, and ( b )  t he  John Day Dam on t h e  Columbia, 

which w i l l  e l imina te  t h e  p re sen t  7-foot d r a f t  bo t t leneck .  

cu r ren t  schedule of lock  improvements on the  Ohio. 

Table 8 l i s t s  t he  

__.__. 

. .  
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Total Federal appropriations f o r  navigation improvements alone 

(as distinguished from flood control and other purposes) were $225 million 

in 1963, rising from a low of $25 million in 1954, per Table 9 attached. 

3. Improved Highways 

Improved highways have permitted exploitation of the large-lot 

concept. Economics dictate that a $30,000 truck (some cost $50,000) spends 

maximum percent of its time in transit and minimum at loading and unloading 

point. The nztion's super highways permit heavy loads, rapid transportation, 

and more miles per driver shift. 

highways system were open to traffic in 1963. 

41,000 miles is scheduled f o r  completion by 1971. 

h 
b 

I\ 1 

15,000 miles of the Federal interstate 

The over-all program totalling 

! 
! 
I 

I 
I 

t 

Before passing on from this direct consideration of the large-lot 

concept, a realistic word concerning service requirements w o u l d  be in order. 

Petroleum is a universal fuel, particularly for  motive power, and demand 

levels in many sectors dictate less than jumbo size facilities. 

there is a substantial requirement for providing optimum facilities, whether 

they be pipeline, truck or marine. Likewise the customers' facilities and 

policy toward inventory levels must be an important consideration in 

determining transportation facilities. 

Consequently, 

13. TECHNOLOGICAL DEVELOPMEWS 

The nature of today's transportation facilities dramatically 

reflects technological advances in construction, maintenance, automation, 

operation, and auxiliary services. Exploitation of the large-lot delivery 
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concept i t s e l f  depends on such advances. Improvements range from b e t t e r  . 

mate r i a l s  and more e f f i c i e n t  prime movers t o  corrosion cont ro l  and automated 

equipment. 

I n  p ipe l ines ,  t h e  technologica l  developments are f i r s t ,  f a s t e r  and 

more economical pipe i n s t a l l a t i o n  wi th  such equipment as improved d i t c h  

diggers,  i n - the - f i e ld  coa t ing  machines, i n - t h e - f i e l d  pipe f ab r i ca to r s ,  auto- 

matic welding, and X-ray in spec t ion  devices; second, higher t e n s i l e  s t r eng th  

s t e e l  which has permi t ted  reduct ion  of p ipe  tonnage by 50 percent s ince  1948; 

t h i r d ,  improved product separa t ion  techniques through such devices as rubber 

spheres and motorized va lves ;  four th ,  improved metering of l a r g e  capac i t ies ;  

f i f t h ,  development of lease automatic custody t r a n s f e r  equipment; s ix th ,  

improved telemetry and so -ca l l ed  push-button cont ro ls  , permi t t ing  operation 

of e n t i r e  p ipe l ines  from a c e n t r a l  console; seventh, corrosion con t ro l  by 

cathodic p ro tec t ion  and improved coatings,  bo th  i n t e r n a l  and ex te rna l .  Based 

on I n t e r s t a t e  Commerce Commission s t a t i s t i c s ,  reductions i n  p ipe l ine  personnel 

from 1952 t o  1962 amounted t o  50 percent of s t a t i o n  labor,  35 percent of 

maintenance personnel, and 23 percent of gaugers. 

I n  marine equipment the  technologica l  development of s u i t a b l e  wharves, 

hose handling r ig s ,  and of fshore  moorings has been of perhaps g r e a t e r  impor- 

tance i n  exp lo i t i ng  t h e  l a rge - lo t  concept than the  mere (bu t  no t  t o  be 

minimized) technolo@;y of bu i ld ing  l a rge ,  f a s t  sh ips .  Examples a r e  the  

e l abora t e  wharves and hose handling gear a t  indus t ry  wharves i n  New York 

Harbor, offshore mooring i n  65 f e e t  of water at  Nor thvi l le ,  Long Is land ,  and 

crude o i l  loading f a c i l i t i e s  i n  t h e  Louisiana Del ta  region and under develop- 

ment off t h e  Louisiana shore  i n  75 f e e t  of water .  Improved cen t r i fuga l  pumps, 
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which also reduce cargo s t r i p p i n g  t i m e ,  have made s i g n i f i c a n t  reduct ions 

i n  v e s s e l  operat ing expense i n  recent  y e a r s .  Improved l .ntegrated barge tar 

configurat ion has s i g n i f i c a n t l y  reduced drag and thus  increased ef f ic iency .  

On t h e  Mississ ippi  and Ohio Rivers mid-stream f u e l i n g  and v i c t u a l l i n g  have 

shortened in-port  t ime, while  r a d i o  and radar !lave speeded t r a n s i t  t imes.  

S igni f ikant  automation developments i n  marine equipment a r e  i n  engine room 

c o n t r o l s  and remote handling of cargo. Manning sca les  on tankers  are being 

reduced on t h e  order  of f i v e  men; from a range of t h i r t y - f i v e  t o  f o r t y  pre-  

v ious ly  t o  t h i r t y  t o  t h i r t y - f i v e  i n  t h e  f u t u r e .  Such reduct ions,  and those 

which may be e f f e c t e d  later through f u r t h e r  mechanization or t h e  t r a n s f e r  

t o  shore s t a f f  of present-day shipboard func t ions  (maintenance, cargo 

handling, e t c . ) , w i l l  requi re  t h e  cooperation of t h e  m a r i t i m e  unions. I n  

t h e  case of l i censed  personnel  and watch s tanders ,  t h e  approval of t h e  U. S.  

Coast Guard w i l l  also be a requirement. 

g r e a t e r  progress  i n  t h e s e  a reas  than  tanker  operators ;  a typical 8,000-ton 

t o w ,  f o r  instance,  with wheelhouse c o n t r o l  of t h e  engine room and i n  some 

cases  rev ised  g a l l e y  arrangements, has n ine  crew men v s .  twelve crew men 

t e n  years  ago. 

Inland waterway operators  have.made 

I n  tank c a r s  t h e  technologica l  development of 20,000 and 30,000- 

g a l l o n  c a p a c i t i e s  has been a major breakthrough r e a l i z e d  just i n  t h e  l a s t  t e n  

years .  There i s  even a 50,000-gallon c a r  which i s  u t i l i z e d  i n  r e s t r i c t e d  

s e r v i c e .  I n  t h e  l a r g e s t  c a r s  t h e  tank i t se l f  supports t h e  l a d i n g  between 

t h e  t rucks,  e l imina t ing  t h e  center  s i l l .  T h i s  permits  maximum u t i l i z a t i o n  

of l a r g e r  capaci ty  cars  while s tay ing  wi th in  AAR clearance and weight 
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r e s t r i c t i o n s .  I n  recogni t ion  of reduced rail  handling expense, t he  r a i l roads  

a r e  ab le  t o  reduce r a t e s  by 25 t o  40 percent  o r  more f o r  shipments i n  t h e s e  

c a r s .  ( C f  . 1,000-mile example i n  Table 5. ) 

I n  t rucks t h e  technology of l a rge  c a p a c i t i e s  has  r e c e n t l y  reached 

an a l l - t i m e  high i n  l a r g e - l o t  de l ive r i e s :  

Michigan. Such a t r u c k  has  e leven ax les .  

s t a t e  l a w .  In  1963, t h e  l a s t  s t a t e ,  Pennsylvania, r a i s e d  i t s  weight l i m i t  t o  

t h e  genera l ly  accepted s tandard  of 73,280 pounds--equivalent t o  8,200 gal lons 

of g a s o l i n e .  

16,500 gal lons  p e r  t ruck  i n  

S ize  and weight a r e  regula ted  by 

A 6,500-gallon s i z e  w a s  considered " large" only t e n  years  ago. 

Storage, whether f o r  seasonal  accumulation o r  for working terminal 

purposes,  i s  a v i t a l  p a r t  of t h e  t r a n s p o r t a t i o n  network. 

opments have now provided: 

v o l a t i l e  f u e l s  and ( b )  much automation a t  working terminals .  

o rd inary  s t e e l  pressure s torage  for butane and propane commonly cos ts  $15 t o  

$25 per  barrel, but  t h e  underground or r e f r i g e r a t e d  s torage developed i n  

recent  years  cos ts  only $1 t o  $8 per  b a r r e l  i n  l a r g e  s i z e s .  

amount of t he  l a t t e r ,  l o c a t e d  near t h e  market, i s  an a t t r a c t i v e  a l t e r n a t i v e  t o  

e x t r a  t r a n s p o r t a t i o n  capac i ty  i n  t h e  form of more tank cars ,  l a r g e r  pipel ines ,  

more ships ,  and s o  f o r t h ,  otherwise requi red  t o  handle peak winter  loads.  A s  

t o  ( b ) ,  a t  working te rmina ls  t h e r e  has  been extensive automation i n  tank farm 

gauging devices, automatic custody t r a n s f e r  equipment, blending equipment, 

and automatic t ruck loading  equipment. 

po in t  t h a t  the  t ruck  d r i v e r  now handles a l l  funct ions of product loading and 

metering. Such f a c i l i t i e s  add $25/50,000 t o  terminal cap i t a l ,  but rap id  

payouts a r e  shown where volumes exceed 1,000 b a r r e l s  per  day. 

Technological devel- 

( a )  r e l a t i v e l y  cheap seasonal  s torage f o r  t h e  

A s  t o  ( a ) ,  

A s u b s t a n t i a l  

This  l a t t e r  has been developed t o  the  

. .  
. .: . .  

. ..' 1 
i A , ,  . 

. .  : .  ' 

I 
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11. COSTS 

The economic e f f e c t  of t h e  l a r g e - l o t  d e l i v e r i e s  and technological 
1 

i 

improvements noted i n  the preceding paragraphs i s  incorporated i n  t h e  f r e i g h t  

c o s t s  appl icable  t o  t o d a y ' s  t y p i c a l  (as d is t inguished  from l a r g e s t )  equipnent. 

Considerably l a r g e r  than  twenty years  ago, per Table 4, t o d a y ' s  t y p i c a l  equip- 

ment comprises 25 M INT tankers ,  20 M b a r r e l  barges  (60  M b a r r e l  t o w ) ,  10,000 

g a l l o n  cars ,  8,500 ga l lon  t rucks ,  and a wide range of p i p e l i n e  diameters. 

Indus t ry ' s  use of t h i s  p a r t i c u l a r  equipment r e s u l t s  i n  f r e i g h t  cos ts ,  

including reasonable r e t u r n  on investment, which are t a b u l a t e d  according t o  

mileage i n  Table 10. The wide range i n  r a i l  and t r u c k  rates. ( o f t e n  common \. 
'. 

c a r r i e r  t a r i f f s )  i s  forced  by t h e  d iverse  competitive condi t ions which these  

c a r r i e r s  meet. For a 500-mile haul,  t h e  est imated r a t e s  a r e :  

a 
I >  
J 

AVERAGE 
CENTS PER #/lo0 MILLS/ 

500 BBL. MILES .BBL. MILE TON MILE 

P ipe l ine  16-50 5 . 4  4 .O 

Tanker 12-15 2.7 2 .o 

Barge 14-18 3.3 2.5 

Tank Car 85-180 27 20 

Truck 160- 340 46 35 

If each of t h e  foregoing t r a n s p o r t a t i o n  f a c i l i t i e s  i s  used ove-~. L 

dis tance  f o r  which it i s  reasonably w e l l  su i ted ,  t h e  rates may be corop.:re': 

as fo l lows:  
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I 

AVERAGE 
DISTANCE $/loo MILLS/ 

MILES BBL. MILE TON MILE 

Pipe l ine  1,000 3.7 2.8 

Tanker 2,200 1 .6  1 .2  

Barge 500 3.3 2.5 

Tank Car 1,000 23  18 

Truck 50 46 35 

It i s  seen from t h e  foregoing  t h a t  t h e  cos ts  per mile f c r  movement v i a  

p i p e l i n e  and water carriers a r e  normally comparatively c lose .  I n  prac t ice ,  

t h e  s e l e c t i o n  of t he  f a c i l i t i e s  used must consider, among o thers ,  f a c t o r s  

such as :  t h e  comparative l eng th  of t h e  water and p ipe l ine  routes,  t h e  

a v a i l a b i l i t y  of navigable w a t e r ,  t e rmina l l i ng  cos t s ,  win ter  i c i n g  problems, 

and oppor tuni t ies  f o r  in te rmedia te  d e l i v e r i e s .  

The percentage of c o s t s  which vary  d i r e c t l y  wi th  occupancy has a 

profound e f f e c t  on how equipment i s  u t i l i z e d  and how t r anspor t a t ion  systems 

a r e  expanded. I n  t h e  case of common c a r r i e r  f a c i l i t i e s  where the  shipper 

pays marine cha r t e r  r a t e s  and common c a r r i e r  t a r i f f s ,  t h e  d i r e c t  cos ts  

co inc ide  genera l ly  with t h e  t o t a l  c o s t s .  I n  the  case of p r i v a t e l y  owned t r ans -  

p o r t a t i o n  f a c i l i t i e s ,  however, t h e  d i r e c t  cos ts  are s i g n i f i c a n t l y  lower, and 

t h e  cos t  d i f f e r e n t i a l  between a l t e r n a t i v e  modes of t r anspor t a t ion  i s  changed. 

The proportion of f i x e d  and d i r e c t  cos t s  among t h e  t r anspor t a t ion  

types  i s  about as follows: 

d 

/ 

'1 

/' 
I 

/ 
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PERCENT 
FIXED DIRECT 

Pipe l ine  70-80 20-30 

Tanker 20-40 60-80 

Barge 30 70 

Tank Car Not appl icable  because 
shipper pays r a i l  t a r i f f .  

P r iva t e  Truck 15-20 80-85 

The higher t h e  r a t i o  of f i x e d  t o  d i r e c t  cos ts ,  t he  g r e a t e r  the  

premium on maximum u t i l i z a t i o n .  Thus, t a r i f f s  i n  t h e  case of common c a r r i e r  

p ipe l ines ,  or shipping t e r r i t o r i e s  i n  t h e  case of p r iva t e ly  owned p ipe l ines ,  

a r e  normally e s t ab l i shed  s o  as t o  provide optimum u t i l i z a t i o n  of t h e  f a c i l i t y .  

The e f f e c t  of occupancy on t r anspor t a t ion  cos t s  i s  recognized i n  

t h e  so-called "Dedicated Service" r a t e s  ava i l ab le  from f o r - h i r e  t ruckers .  

for example, t h e  t rucke r  i s  assured 120 hours per week u t i l i z a t i o n  of h i s  

equipment, the  reduction i n  r a t e s  may be 20 t o  30 percent ;  100 hours per week 

u t i l i z a t i o n ,  t he  reduction could be 1 5  t o  20 percent;  80 hours per week 

u t i l i z a t i o n ,  t h e  reduction may average 10 percent .  

If, 

Large-lot de l ivery  and technological improvements are a l s o  being 

u t i l i z e d  t o  l e s sen  t h e  e f f e c t  of wage i n f l a t i o n  on t o t a l  t r anspor t a t ion  expense. 

The following t abu la t ion  shows the  approximate percentage of wages i n  each 

type of  t ranspor ta t ion :  

PERCENT OF TOTAL COST 
WAGES 

Pipe l ine  15  
Tanker 30 
Barge 35 
Tank Car Not applicalsl-e bt-t.:alIse 

shipper pays t a r i f f .  

Truck 50 
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Given two types of carrier with roughly the same costs, the oilman 

is likely to build or buy the one less susceptible to inflationary pressures. 

This is an important factor in the popularity of pipelines. 

111. RESEARCH OPPORTUNITIES 

Research work in oil transportation may be classified as both 

technological and logistical. 

In the technological category, research in pipelines is pursuing 

the following: mechanics of liquid and two-phase flow, corrosion control 

including internal and external coatings, additives to reduce friction, 

increased strength of steel pipe, improved plastic pipe, improved welding 

techniques, mobile pipe mills, underwater pipeline construction, improved 

communication systems for automation, interface detector systems, mechanical 

separation of products, improved meters, and computer controlled pipelines. 

In the marine field, research is dealing with simplification of 

design, internal and external coatings for corrosion control, cathodic type 

corrosion control, improved cargo handling (pumps, valves, gauging), improved 

offshore mocrings, cryogenic transportation, improved propulsion machinery, 

improved navigation equipment, and automation, including centralized engine 

room controls. 

In tank cars and trucks, the research is in improved materials to 

minimize weight and optimize strength within the limitations of railroad 

clearance restrictions, weight limits, and highway regulations; safety 

devices; faster loading and unloading. 

Technological research in terminals continues in the realm of 

automating terminal controls, accounting and billing functions. In this 

. .. 
c .  
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latter category, equipment is visualized which permits the central office 

to control the release of products to specific accounts in predetermined 

amounts, keep terminal inventories, and issue invoices automatically as 

product is withdrawn. 

Logistical research deals with means to optimize shipping terri- 

tories cf supply origins through mathematical techniques. If a particular 

refinery and its satellite terminals are short of supplies, it is usually 

less expensive to supplement supplies by shipping into the deficient 

territory according to certain patterns from refinery systems that have 

sufficient supplies than to mcve product by pipeline or marine transportation 

from one refinery to another. Then too, in a territory where over-all demand 

just equals supply, but supply is divided in fixed amounts among a nmber of 

origins, there is a particular pattern of shipment from origins to destinations 

which minimizes the total freight bill. This is the classic "transportation 

problem". While certain companies had developed various techniques to solve 

this problem "by hand", the method was generally laborious aild time-consuming. 

In the last few years, however, due to research, the solution has been pro- 

grammed on some of the larger computers and such freight optimization is now 

in use to a limited, but growing extent. Considerable emphasis now is placed 

on methods to feed automatically to the computers the statistics comprising 

account names, demands and freight rates. Logistical research is also pro- 

gressing on methods to collect, summarize, and project supply and demand &ti 

in order to program operation of transportation equipment most efficiently. 
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I V  . ECONOMIC OBJECTIVES 

The aims of t h e  o i l  i ndus t ry ' s  t r anspor t a t ion  e f f o r t  have been 

and w i l l  remain p r imar i ly  cos t  reduction, p ro t ec t ion  of product qua l i ty ,  

and improved customer se rv ices .  

however, an  even more b a s i c  a i m  has been economic su rv iva l .  A s  p r o f i t  

margins i n  t h e  indus t ry  have shrunk through competitive forces ,  t he  

necess i ty  t o  u t i l i z e  advanced t r anspor t a t ion  f a c i l i t i e s  and techniques 

has  increased .  For example, Oklahoma r e f i n e r s  who o r i g i n a l l y  shipped by 

t ank  c a r  and subsequently b u i l t  t he  Great Lakes Pipe Line t o  move products 

t o  more d i s t a n t  markets, have, i n  order t o  remain competitive, r e so r t ed  t o  

a number of add i t iona l  product p ipe l ines :  Cherokee, Gmar, Kaneb, Continental .  

From the  ind iv idua l  company's viewpoint, 

A s  t o  t rends ,  t h e  ultimate i n  e f f i c i e n t  energy (petroleum) t r ans -  

p o r t a t i o n  would inc lude  a products l i n e  t o  t h e  customer's  o i l  tank or t o  the  

se rv i ce  s t a t i o n .  While t h e  connection t o  t h e  homeowner's hea t ing  o i l  t ank  

i s  foreseeable  only i n  densely populated housing developments, t he re  i s  

l i k e l y  t o  be p ipe l ine  de l ive ry  of o i l  t o  c e r t a i n  high-volume commercial and 

i n d u s t r i a l  complexes using o i l  f o r  a l l  energy needs: heat,  r e f r i g e r a t i o n ,  

e l e c t r i c i t y .  P ipe l ine  connections t o  se rv i ce  s t a t i o n s  have not been i n s t a l l e d  

on any l a r g e  sca le ,  bu t  such have proved poss ib l e  at c e r t a i n  high-volume 

s t a t i o n s  which a re  loca t ed  c lose  t o  ex i s t ing  products l i n e s  or r e f i n e r i e s .  

The chief development which i s  being r e a l i z e d  and w i l l  continue i n t o  t h e  

f u t u r e  i s  t he  p r o l i f e r a t i o n  of products l i n e s  t o  serve truck-loading terminals 

i n  more and more communities across  t h e  country. Di rec t  p ipe l ine  connections 

t o  i n d u s t r i a l  users  and t o  airports(commercia1 and m i l i t a r y )  w i l l  be a by- 

product of t h i s  development. 

' 

E 



163 

NO dramatic in t roduct ion  of ne%7 type t r a n s p o r t a t i o n  i s  foreseen; 

but  t h e  already noted pressures  of competition and t h e  advantages of la rge-  

l o t  t r a n s p o r t a t i o n  and technological  improvement a r e  causing s h l . f t s  

between types of c a r r i e r  ana  a r e  r e v i s i n g  t h e  physical. na ture  of t h e  

indiust r y  ' s t r a n s p o r t a t i o n  system. 
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Table 1 

PERCENT PETROLFUM I N  
TOTAL U.S. ENERGY CONSUMPTION 

Coal 

Oil 

G a s  

Water Power 

Atomic Power 

TOTAL 

*Includes na tu ra l  gas  l iquids .  

SOURCE: U.S. Bureau of Mines: 
1963 ext rapola ted  t o  1965 by 
Shell O i l  Company 

PERCENT 

22.2 

44 .o* 

29.8 

3.8 

0.2 

100.0 

- 

1 
i 

I 

1 
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Table 1 
Page 2 

SOURCES : Shell Oil Company, Transportation and Supplies 

Ship Fleet, December 31, 1963. 
Sun Oil Company, Economics Department, Analysis of World Tank 

National Petroleum Council, Oil and Gas Transportation Facilities, 
1962. 

U. S. Bureau of Mines, U. S. and Puerto Rico Oil Improts, by 
Quarters for 1963. 

American Petroleum Institute, &nml Statistical Bulletin, U.. S .  

U. S. Dept. of Commerce, United States Foreign Trade, U. S. Gov't. 

Corps of Engineers - U. S. Army, Transportation Lines on the Great 

Fetroleum Industry Statistics 1940-63, 1964. 

Printing Office, Feb. 18, 1964. 

Lakes System, 1964, Transportation Series 3, U. S. Gov't. 
Printing Office, 1964. 

Mississippi River System, Transportation Series 4, 
Printing Offlee, 1963. 

Corps of Engineers - U. S. Amy, Transportation Lines on the 
U. S. Gov't. 

National Petroleum News. Fact Book Mid-Mav 1964. 
y ,  

U. S. Dept. of Commerce, Merchant Marine Data Sheet, November 1, 
1964. U. S. Gov't. Printinn Office. - 

OilandGas Journal, October 19, 1964. 
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Table 2 

PETROIEUM TRANSPORTATION FACILITIES 

FACILITY 

OCEAN TANKERS 
American F l a g  
Foreign Flag  

Supplying U .  S . 
I N L A N D  AND COASTAL BARGES 
Sel f -propel led  
Non Sel f -Propel led  

PIPELINES - MILES 
Crude Trunk 
Crude Gathering 

, Produczs 

RAIL TANK CARS 

TRUCKS 
Transport 
Local Delivery (Gasol ine)  

(Heating O i l s )  

STORAGE AND TERMINALS 
Terminals and Depots 
LPG Refr ig  Storage 
LPG Underground Storage 

GRAND TOTAL 

. I  

REPLACEMENT COST 
VOLUMETRIC LESS DEPRECIATION 

- CAPACITY TO DATE 
# UNITS M DWT MM BBLS. m $  

440* 8,912 78.0 
233 5,872 51.5 

. . 673 14,784 129.5 1,800 

181 1.7 
2,494 27 .o 

2,675 28.7 150 

70,000 
78,000 
57,000 

205,000 3,200 

131,622 29 *5 350 

58,448 8.3 
22,200 0.6 
70,948 2.7 

151,596 11.6 1,050 

29,664 405.2 
8 2 .o 

1 39 101.9 

29,811 509 -1 1,000 

708.4 7,550** 

*As o f  11/1/64, 95 sh ips  w e r e  inac t ive ,  of which 70 were government-owned and 
25 p r i v a t e .  

**Cf. $5 b i l l i o n  and $6 b i l l i o n  o r i g i n a l  gross  investment as est imated respec t ive ly  
i n  "Petroleum Transpor ta t ion  Handbook", Harold S i l l  B e l l ,  Edi tor ,  McGraw H i l l ,  
1963, and "The U.S. Petroleum Industry", Stanford Research I n s t i t u t e ,  1964. 
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1961 

1960 

1959 

1958 

1955 

1950 

1945 
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Table 3 

MILLIONS SHORT TONS DELIVERED 
TOTAL CRUDE AND PRODUCTS 

PIPELINES WATER CARRIERS* TRUCKS RAIL TOTAL 
MILLION '$ MILLION '$ MILLION $I MILLION $I MILLION 

TONS TOTAL TONS TOTAL TONS TOTAL TONS TOTAL TONS 

502 

484 

469 

464 

433 

412 

234 

241 

4 3 . 3 6 ~ ~  

43.60 

43.01 

43.22 

42.57 

42.94 

38.82 

44.06 

3 30 

32 3 

318 

310 

298 

284 

25 3 

142 

28.46 

29.06 

29.22 

28.86 

29.36 

29;56 

34.57 

26.08 

25 -69 

24.64 

24.83 

24.82 

24.78 

23-17 

1~9 -93 

17.60 

29 2.49 

30 2.70 

32 2.94 

33 3.10 

34 3.29 

42 4.33 

49 6.68 

67 12.26 

1,159 

1,111 

1,089 

1,074 

1,020 

961 

732 

546 

1940 154 39.79 149 38.78 22 5.67 61 15.76 386 

*U.S. F lag  only.  If fore ign  f lag d e l i v e r i e s  t o  U.S. p o r t s  were added t h e  break- 
down would be as follows: 

1962 502 40.07 424 33.84 298 23.78 29 2.31 1,253 

*??he r e c e n t l y  constructed 36-inch Colonial products p i p e l i n e  from t h e  G u l f  Coast 
t o  New York will increase  p ipe l ine  and reduce water c a r r i e r  d e l i v e r i e s  by about 
2 percent  of t o t a l  d e l i v e r i e s .  

SOURCE: The Association of O i l  Pipe Lines 
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Table 4 

SIZE OF PETROLEUM TRANSPORTATION FACILITIES 

FACILITY 

OCEAN TANKERS (DWT) 
American Flag 
Foreign Flag Serving U.S. 

CAPACITY 
CURRENT 19 45 

NORMAL MAXIMUM NORMAL MAXIMUM 

25,0001 106,600 15,000 
5 8 , 8 0 0 ~  114,800 15,000 

INLAND AND COASTAL BARGE TOWS (Bbls.)  

Coastal  20,000 73,000 10,000 

PIPELINES (Diameter i n  Inches) 
Crude Trunk 10/26" 34" 8/10" 
Crude Gathering 4/10" 12" 4/10" 
Products 8/20" 36" 8 " 

RAIL TANK CARS (Gallons) 10,000 33,000# 8,000 

Inland 60,000 186,000 35, ooo 

TRUCK-TRAILERS (Gallons) 8,500 16,000 6,000 

Gasoline and Heating O i l s  2,000 4,400 1,500 
TANK TRUCXS (Gallons) 

20,600 
16,800 

60.000 

12" 
20"*** 

12,000 

10,000 1 

"5 ships  t o t a l i n g  189,000 mT's were under contruct ion a t  end 1963. 
ships-of  U . S .  f l e e t  of 440 ships  exceed 30,000 IXJT and 144 vesse ls  a re  greater 
than 20,000 DWT's. Only 6 ships  exceed 50,000 LNT and l a r g e s t  is 106,600 IMT. 

**326 ships  t o t a l i n g  18,023,000 I3WT's were under construct ion i n  Europe p lus  
Japanese yards a t  end of 1963. 
20,000 mT's and 853 exceed 30,000 MT's. 
DWT and t h e  next two (Liber ian)are  114,800 WT's each. 

Of world f l e e t  of 3,279 ships,  1,365 exceed 
Largest  sh ip  (Japanese) i s  130,200 

**wYrend toward la rge  diameter p ipe l ines  began i n  1942 with t h e  War Emergency Big 
Inch (24")  crude and L i t t l e  Inch (20 " )  products p ipe l ines  from t h e  Gulf Coast 
t o  t h e  E a s t  Coast. P r i o r  t o  t h a t  date the l a r g e s t  o i l  l i n e s  were 12" diameter. 

# A t  l e a s t  one 50,000 ga l lon  car i n  r e s t r i c t e d  serv ice .  

SOURCES : 
S h e l l  O i l  Company, Transportat ion and Supplies . 
Sun O i l  Company, Economics Department, Analysis of World Tank Ship F lee t ,  

National Petroleum Council, Oil and G a s  Transportation F a c i l i t i e s ,  1962. 
Corps of Engineers - U.S. Army, Transportat ion Lines on t h e  Great Lakes System, 

1964, Transportat ion S e r i e s  3, U. S. Government P r i n t i n g  Office,  1964. 
Corps of Engineers - U.S. Army, Transportat ion Lines on t h e  Mississippi River 

System, Transportat ion Ser ies -4 ,  U. S.  Government Pr in t ing  Office,  1963. 
American Petroleum I n s t i t u t e ,  Petroleum Facts  and Figures,  1963 Edition, p.  92 

(us ing  I n t e r s t a t e  Commerce Commission and Bureau of Mines as sources). 
O i l  and G a s  Journal, var ious  i ssues  and a r t i c l e s .  

December 31, 1963. 
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Table 5 

FREIGF SAVED BY LARGE-LOT CONCEPT 

i COST AS 
PERCENT OF' PERCENT SAVED 

SMALLEST UNIT VS. SMALLEST UNIT 
LINE DIAMETER #/BBL. FOR 

INCHES 1,000 MILES PIPELINE 1 
, )  
b. 

10 
14 
18 
24 

51 
36 
27 
21 

100 
71 
53 
41 

- 
r3 
47 
59 

ESTIMATED 
$/LONG TON 

SIZE SHIP-DdT GULF-NW YOFX 

16,000 T-2 (a) 
25,000 (b) 
47,000 
67,000 

4.20 
3.02 
1-97 
1 .a1 

500 MILES 

17.6 

$/BBL. FOR 

15 *7 
14.1 

100 
72 
47 
43 

- 
28 
53 
57 

\, BARGE SIZE TOW-BBLS. 

40,000 
60,000 
90, ooo 

io0 
89 
80 

- 
11 
20 

$/GAL. FOR 
1,000 MILES TANK CAR SIZE CAR-GALS. 

100 - 
75 25 

10,000 
20,000 

5 05 
4.1 

TRUCK 

$/GAL. FOR 
SIZE 
GALLONS 

6,500 
8,500 

. .  
50 MILES 

PRIVATE FOR HIRE(c) 

100 100 - - 
71 86 29 14 

(a )  Ships of this size are no longer constructed for this service and are used f o r  
comparative purposes only. 
typical operating costs are closer to $3.20/1ong ton. 

There are, however, many still in operation on which 

(b) Although $3.02 represents new construction, there are a great number of 
jumboized T-2's of this capacity which freight for closer to $2.5O/long ton. 

( e )  Based on "D-dicated Service" common carrier. 

SOURCE: Shell Oil Company, 
Transportation and Supplies 
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Table 6 

TYPICAL PRODUCTS TERMINAL HANDLING 4 M-B/D 
EXTRA COST 

SIZED TO SIZED TO OF 37 M DWT 
HANDLE 16 M 37 M TANKER 

DdT T-2 TANKER DWT TANKER TERMINAL 
SIZE M-$ SIZE . M-$ M-$ 

Land and S i t e  Prepara t ion  15 Ac. 165 20 Ac. 220 55 
Tankage 260 MB 460 460 MB 805 345 
Loading Rack, Office, Misc. - 250 - 250 - 
Dock 525' 1,000 650' 1,500 500 

TOTAL 1,875 2,775 900 

Inventory @ $3.50/Bbl. 910 1,610 700 

GRAND TOTAL 2,785 4,385 1,600 

Assume 37 M LNT s h i p  saves 10#/bbl. v s .  o lder  T-2: 

AITIUB~ cos t  of  1% represent ing  i n t e r e s t  and amortization $90 M/Y 
on $900 M ex t r a  cos t  o f  te rmina l  

I n t e r e s t  alone a t  5% on $700 M e x t r a  inventory 

T o t a l  e x t r a  annual t e rmina l  cost  

$35 M/Y 

$125 M/Y 

Throughput necessary for 15#/bbl .  saving of 37 M LNT Tanker vs. T-2 t o  
o f f s e t  e x t r a  annual cos t  of l a r g e r  te rmina l  = $125 000 = 1,250 M-B/Y = 

$0.10 
3,400 Bbls ./Day 

SOURCE: She l l  O i l  Company 
Transpor ta t ion  and Supplies 

, 
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Table 7 

FORT 

Portland, Me. 

Boston, Mass. 

New York, N .  Y .  

Philadelphia,  Pa. 

Baltimore, Md. 

ilorfolk, V a .  

Mobile, A l a .  

Houston, Tex. 

Los Angeles, Cal. 
(Incl.. Long Beach) 

San Francisco, C a l .  

Portland, Ore. 

U. S. PORTS 
DRAFT ANE SIZE (DWT) 03 TANKERS HANDLED 

PRESENT AND F'ROPOSED 

PRESENT PROFOSED 
LARGEST TANKER 

MAXIMUM DRAFT LARGEST MAXIMUM DRWT (DWT) AFTER 
TO AT LEAST 
ONE BERTH 

33 ' 

35 I 

38' 

39 ' 

37' 

37' 

36 ' 

34'6" 

46' 

36 ' 

33' 

TANKER 
( m T j  

50,000 

36, 000 

47,000 

50,000 

42,000 

42,000 

38,000 

34,000 

AFTER EXISTING 
PROJECT COMPLETED 

45' - 1968 
38' - 1968 

45' - 1967 
- 

40' - 1969 
- 

38' - 1965 

38' - 1968 

EXISTING PROJECT 
COMPLETED 

85,000 

47,000 

85,000 

- 

5 3,000 

47,000 

47,000 

100,000 - - 
38,000 45' - 1965 85,000 

26,000 38' - 1970 47,000 

SOURCES: Annual Report Chief of Engineers 
U.S. Seaports - Port Series, Corps of Engineers, 1963 
American Merchant Marine I n s t i t u t e  
As ia t i c  Petrolemi Corporation 
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Table 9 

FEDERAL APmOPRIATIONS FOR NAVIGATION IMPROVEMENTS 
TOTAL U. S. 

1963 

1962 

1961 

1960 

1959 

1958 

1957 

1956 

1955 

1954 

1-953 

1952 

1951 

1950 

$ (MILLIONS) 

224 

20 4 

211 

29 9 

190 

141 

13 5 
88 

42 

25 

31 

47 
48 

60 

1,655 

SOURCE: 1963 Annual R e p o r t  - Chief of 
Engineers, U. S. Army - Civil 
Works A c t i v i t i e s  - Vol.  I 

, 
! 
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TODAY' S FREIGHT COSTS 
USING TYPICAL EQUIPMENT 

( #/BBL. ) 

Table 10 

BARGE FOR - H IRE 
TANKER 60,000 BEL. TANK CAR TRUCK 

STATUTE 2'5,000 DWT* TOW* PIPELINES 10,000 GAL. 8,500 GAL. 
MILES LCN HIGH LcKj HIGH LOW HIGH LOW HIGH LOW HIGH 

100 7.0 9.0 6.0 7.5 5.0 15.C 36.0 58.0 41.5 66.5 

joo 11.5 14.5 14.0 17.5 16.0 50.0 82.5 178.5 158.0 342.5 

1,000 16.0 19.5 24.0 29.5 25.0 70.0 112.5 353.0 219.0 688.0 

2,000 28.5 35.0 k7.5 58.0 214.0 673.0 

Equivalent average mills per  ton  mile f o r  500 mile s tage :  

500 2 .o 2 -5 4.0 20 .o 35.0 

*Gasoline bas i s ;  includes reasonable r e tu rn  on investment 

SOURCE: She l l  O i l  Company, Transportation and Supplies, supplemented by 
o ther  data from s h i p  owners; p u b l i s h e d t a r i f f s  of s e l ec t ed  major 
crude and products p ipe l ines ;  representa t ive  f o r - h i r e  t ruck  and 
tank ca r  r a t e s .  
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THE ECONOMICS OF NATURAL GAS PRODUCTION, 
TRANSPORTATION, STORAGE, AND DISTRIBUTION 

, 

A. R. Khan and P. S. P h o s  

I n s t i t u t e  o f  Gas Technology 
Chicago, I l l i n o i s  

. .  
INTRODUCTION 

The economics of  t h e  n a t u r a l  gas i n d u s t r y  are l a r g e l y  i n f l u -  
enced by the demands o f  a h i g h l y  seasonal  market. 
demands of t h i s  market, t h e  i n d u s t r y  must operate  within the confines  
o f  governmental regula tory  bodies.  

The increasing importance of n a t u r a l  gas  i n  t h e  o v e r a l l  energy 
p i c t u r e  of t h e  United S t a t e s  i s  depicted in Fig. 1. 
creased i t s  share of  the t o t a l  energy market from 18.0 percent  i n  
1950 t o  29.7 percent i n  1963.l  A t  t h e  present  rate of growth, t h e  
pro jec ted  market for n a t u r a l  gas  w i l l  be 17,880 t r i l l i o n  B.t.u. i n  
1975.l The large-scale  movement of  n a t u r a l  gas  from es tab l i shed  sup- 
p l y  sources  t o  e x i s t i n g  and developing consumer markets e n t a i l s  a 
v a r i e t y  o f  operat ions:  the production, p u r i f i c a t i o n ,  t ranspor ta t ion ,  
s torage,  and d i s t r i b u t i o n  o f  n a t u r a l  gas. 
d u s t r y  are character ized by the major d i f f e r e n c e s  i n  t h e  c o s t s  of 
production and u t i l i z a t i o n .  These d i f f e r e n c e s  are not  due s o l e l y  t o  
the opera t ions  cited above b u t  a l s o  t o  o ther  f a c t o r s  such as 
varying rate s t r u c t u r e s  and f i e l d  cont rac ts .  

I n  meeting the 

Gas has in-  

The economics o f  the in- 

GAS PRODUCTION 

I n  considerat ion of  the r i s k s  involved, t h e  explorat ion,  de- 
velopment, and production of a n a t u r a l  gas  f i e l d  r e q u i r e s  a tremen- 
dous investment. The major c o s t s  i n  production are t h e  land, the 
r i g h t s ,  and t h e  d r i l l i n g  o f  a p o t e n t i a l  f i e l d .  Although no f ixed  
va lues  can be set on the f i r s t  two items because t h e y  vary, w e l l  
d r i l l i n g  c o s t s  are t a b u l a t e d  and are w e l l  known. Unfortunately, 
ever w e l l  d r i l l e d  i s  n o t  product ive.  Thus i n  1962, of a t o t a l  of 
43,994 o i l  and a s  w e l l s  d r i l l e d  i n  t h e  U.S., 16,684 o r  38 percent 
were d r y  h o l e s  ?Table 1). 
The success  of wildcat  wells i s  much lower. 

These statistics inc lude  development wells. 

Average wel l  depths  are increas ing  and, consequently, t h e  cos t  
' p e r  f o o t  d r i l l e d .  The s i x t h  (1962) j o i n t  survey of t h e  cos t  of 

d r i l l i n g  and equipping wells i n  t h e  United S t a t e s  undertaken by t h e  
American Petroleum I n s t i t u t e ,  the Independent Association o f  Americaio 
and t h e  Mid-Continent O i l  and Gas Association r e v e a l s  the following: 
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Table l.-SUMMARY OF 1962 DRILLING 

O i l  - G a s  Dry Tota l  
Wells d r i l l e d  21,402 5,858 16,684 43,944 
Footage d r i l l e d  

( thousands) 86,494 31,432 75,631 193,557 
Expenditures ( $ mil l ion )  1 ,161  569 8 47 2,576 
Avg. d e p t h  per w e l l ,  P t .  4,041 5,366 4,533 4,405 
Avg. cos t  p e r  well ,  $ 54,223 97,093 50,793 58,635 

Thus w e  see that  by v i r t u e  of being 30 percent  deeper, the cos t  of  
gas  wells i s  almost 80 percent higher  than o i l  wel ls ,  s ince  cos t s  
increase  very s t eep ly  w i t h  increased depth. Gas wel l  c o s t s  per  foot  
d r i l l e d  increased from $17.65 i n  1961 t o  $18.10 i n  1962. 

t h e  average wellhead p r i c e  compiled y e a r l y  by t h e  U.S. Bureau OS 
Mines.12 The average wellhead p r i c e  of  n a t u r a l  gas has  increased 
s i g n i f i c a n t l y  over the pas t  decade t o  15.5#/MCF i n  1962 (Fig.  2 ) .  
However, i t  should be cautioned that while t h i s  t abu la t ion  i s  u s e f u l  
i n  ind ica t ing  t r ends  it should not  be  construed as a measure o f  f i e l d  
p r i ces .  The U.S. Bureau of  Mines d a t a  do not  take i n t o  account the 
time de lay  i n  long-term su ply  con t r ac t s  nor  do they  d i f f e r e n t i a t e  
between low-value markets Psuch as carbon b lack  manufacture) a n d  high- 
value markets ( such  as i n t e r s t a t e  t r a n s p o r t a t i o n )  .' A t r u e r  barom- 
e te r  of cur ren t  wellhead p r i c e s  are s p e c i f i c  gas  purchase contracts .  

G a s  Pu r i f i ca t ion  

Avg. cos t  p e r  f t . ,  $ 13.41 18.10 11.20 13.31 

The m o s t  commonly accepted i n d i c a t o r  o f  f i e l d  gas  p r i c e s  i s  

Gas from the wellhead conta ins  i m p u r i t i e s  tha t  may be d e t r i -  
mental  t o  the  t ransmission p ipe l ine .  I n  order  t o  reduce corrosion 
problems and improve gas  qua l i t y ,  the gas  has t o  be pur i f ied .  Some 
wellhead gases a l s o  contain valuable  heavg'hydrocarbons which are re- 

' moved and sold f o r  g r e a t e r  value than f u e l  o i l  o r  gas. 

The p u r i f i c a t i o n  o f  n a t u r a l  gas  v a r i e s  w i t h  the  type of gas 
produced. It may involve the removal of  ob jec t ionable  compounds such 
as carbon dioxide,  s u l f u r  compowds, and water. Some gases have t o  
be scrubbed for light-hydrocarbon removal. The cos t s  of such p u r i f i -  
c a t ion  opera t ions  vary with t h e  type o f  n a t u r a l  gas  and the opera t ions  
performed. To meet p ipe l ine  s p e c i f i c a t i o n s  n a t u r a l  gas  i s  d r i e d  p r i -  
marily by chemical means, wherein a des iccant  o r  a hygroscopic l i q u i d  
i s  used t o  absorb t h e  water. Sul fur  compounds are removed by s t a n d a r d  
techniques such as those  using monoethanolamine and d ie thylene  g lycol  
so lu t ions ,  and ac t iva t ed  carbon boxes. 

The recovery o f  l i q u i d  products (gaso l ine  and l i g h t  ends) 
from n a t u r a l  gas  usua l ly  r e s u l t s  i n  a c r e d i t  t o  the p u r i f i c a t i o n  
operat ion.  However, it may be uneconomical t o  remove the  condens- 
ables, i n  c e r t a i n  cases ,  because their  r e l a t i v e  value i s  g rea t e r  than 
t h e  cos t  o f  t h e i r  removal. The c o s t s  assoc ia ted  with p u r i f i c a t i o n  
are a n e g l i g i b l e  p a r t  of  the  o v e r a l l  gas  cos ts .  

Avera e p u r i f i c a t i o n  c o s t s  f o r  major p ipe l ine  t ransmission c o s t s  run 
from fO.002 t o  $O.O03/MCF treated.  

R e  o r t ed  pur i f ica-  
t i o n  c o s t s  at 15 major companies range from $0.0002 E 8 t o  $0.0173/MCF.13 . 



TRANSPORTATION 

The importance o f  n a t u r a l  gas p i p e l i n e s  i s  exemplified by the  
f a c t  that as o f  1963 about 200,000 miles o f  p ipe l ines ,  no t  including 
f i e l d  ga ther ing  a n d  d i s t r i b u t i o n  l i n e s ,  were i n  use t o  meet t h e  de- 
mand f o r  n a t u r a l  gas. The growth of the indus t ry  can be seen by t h e  
twofold inc rease  i n  p i p e l i n e  mileage (F ig .  3 )  over t h e  pas t  1 5  years . '  
I n  1964 it was est imated that  over 11 t r i l l i o n  cu . f t .  of  gas  would be  
t ranspor ted  and so ld  by n a t u r a l  gas p ipe l ines ,  represent ing  a move- 
ment o f  about 232 m i l l i o n  t o n s  of gas .2  

publ ic  u t i l i t i e s  engaged i n  the i n t e r s t a t e  t r anspor t a t ion  o f  n a t u r a l  
gas, have been under federal r egu la t ion  f o r  many years .  The N a t u r a l  
G a s  Act of 1938 a n d  i ts  subsequent amendments p laces  r e s p o n s i b i l i t y  
f o r  th is  r egu la t ion  w i t h  the Federal  Power Commission (FPC). There- 
fo re ,  p r i o r  t o  t h e  cons t ruc t ion  o f  a new p ipe l ine  o r  the expansion or 
extension o f  present  f a c i l i t i e s ,  a c e r t i f i c a t e  o f  publ ic  convenience 
and n e c e s s i t y  must  be obtained from t h e  FPC. These c e r t i f i c a t e s  are 
u s u a l l y  granted only af ter  ex tens ive  hear ings  and inves t iga t ion  on 
the  adequacy o f  gas  r e se rves  dedicated t o  the p ro jec t ,  competency o f  
design,  a v a i l a b i l i t y  o f  market, a n d  f inanc ing  a b i l i t y .  

s t a t e  c a r r i e r s ,  n a t u r a l  gas p ipe l ines  gene ra l ly  a r e  not  c l a s s i f i e d  as 
common c a r r i e r s ;  they own and s e l l  most of  the gas  which flows through 
t h e i r  l i n e s .  The growing market f o r  which se rv ice  i s  t o  be provided 
r e q u i r e s  that  the des igner  a l low f o r  increased  fu tu re  demands. He may 
do t h i s  by a number o f  means, e.g., the use o f  a lower l i n e  pressure 
du r ing  the e a r l y  y e a r s  o f  the p ro jec t ,  p rovis ion  for added compression 
capac i ty ,  and the  i n s t a l l a t i o n  o f  l a r g e r  than necessary pipe. Assm- 
i n g  that the marke t  and s u f f i c i e n t  r e se rves  e x i s t ,  the  u t i l i t y  m u s t  
design and es t imate  the c o s t  o f  the new f a c i l i t i e s  p r i o r  t o  obtaining 
FPC c e r t i f i c a t i o n .  

Natura l  gas  p ipe l ines ,  because o f  their  c l a s s i f i c a t i o n  a s  

A s  compared t o  o i l  o r  product p i p e l i n e s  which a c t  as i n t e r -  

P ipe  Costs 

Many f a c t o r s  m u s t  be considered i n  eva lua t ing  t h e  d e s i g n  para-  
meters  for any given p i p e l i n e  p ro jec t .  The b a s i c  goa l  o f  any evalua- 
t i o n  must be t o  optimize the design w i t h  r e spec t  t o  cos t  and  capaci ty .  
The most i n f l u e n t i a l  f a c t o r  i n  the d e s i g n  a n d  cos t  o f  a p ipe l ine  f o r  
any given capac i ty  i s  t h e  pipe. Est imates  f o r  complete p ipe l ine  proj-  
e c t s  i n d i c a t e  t h a t  the cos t  o f  the p i p e ,  inc luding  i n s t a l l a t i o n ,  i s  
u s u a l l y  between 70 and 90 percent  of  the o v e r a l l  p ro jec t  cost .  The 
b a s i c  f a c t o r  i n  determining the cos t  of  a p ipe l ine  i s  the type of pipe 
used. The des igne r ' s  aim i s  t o  use the least amount o f  steel  f o r  a 
maximum d e l i v e r y  capac i ty ,  w i t h  t h e  h ighes t  poss ib le  pressure a n d  low- 
est  poss ib le  i n s t a l l a t i o n  cos t s .  

about 
about g2OO/ton f o r  X-60 p i p e  p60,OOO p . s . i .  y i e l d  s t rengthy.  The bal-  
ance o f  the i n s t a l l e d  c o s t  of  the  pipe i s  f o r  the coa t ing  and wrapping 
of the pipe and the a c t u a l  i n s t a l l a t i o n  charges. A summary of the 
t h r e e  c o s t  f a c t o r s  mentioned f o r  var ious s i z e  pipe i s  presented i n  
Table 2. 

Current F.O.B. m i l l  p r i c e s  for pipe  ( e a r l y  1964) range from 
175/ton f o r  Grade B p i  e (35,000 p . s . i .  y i e l d  s t r e n  t h )  t o  
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Ta.ble 2. -PIPELINE CAPITAL COST ESTIMATES' 

P i p e  w211 Yield Pipe Coating ' 

Size  , Thickness , St r e s  s , Go s t Ton/ Mat eria.1 s , I n  st  a l l a t  ion,  
i n .  i n .  p . s . i .  $/To; m i l e  $ / m i l e  $/ft . 
4-1/2 0.188 
8-5/8 0.219 
12-3/4 0.250 
16 0.250 
20 0.250 
26 0.312 

36 0.438 
42 0.500 

30 0.375 

35,000 208 22.6 310 
35,000 179 51.8 58 5 
46,000. 190 88.2 863 
52,000 210 110.9 1086 
52,000 208 136.9 1340 
52,000 200 208.6 1747 
52,000 188 314.2 2007 
52,000 193 438.2 2434 
52,000 202 586.1 2840 

2.40 

3 - 5 0  
4.00 
4.60 
5.40 

2.95 

5-90 

7.50 
6.70 

The cos t  f o r  var ious s i z e  t ransmission l i n e  p r o j e c t s  reported 
t o  the FPC i n  f i s c a l  1964' are summarized i n  Fig. 4. The c o s t s  re- 
sented include the right-of-way, materials (p ipe ,  coat ings,  e t c .  p,  
l abor ,  and miscellaneous charges. The high and low c o s t s  are a l s o  
shown. Local condi t ions can cause as much as a t h r e e f o l d  v a r i a t i o n  
i n  t h e  cos t .  

C ompr e s s o r  St  a t  i on s 

After t h e  pipe and i t s  associated cos ts ,  t h e  expenditure due 
t o  compression of t h e  gas  i s  the second major component of  transmis- 
s ion  investment. The number of compressor s t a t i o n s  that should be 
u t i l i z e d  on a p ipe l ine  are a funct ion o f  t h e  d is tance ,  p ipe l ine  opera- 
t i n g  pressure,  and de l ivery  required,  as w e l l  as the economic re- 
s t r a i n t s  such as operat ing c o s t s  ( f u e l ,  labor ,  maintenance, and mate- 
r ia ls) ,  and f ixed or  owning c o s t s  normally encountered ( insurance,  
taxes,and r e t u r n  on investment).  

~ l a r g e  pressure-drop between s t a t i o n s ,  which w i l l  i n c r e a s e  compression 
c o s t s  a t  each s t a t i o n  but  w i l l  reduce the number of s t a t i o n s .  

It may be advantageous t o  allow a 

The b a s i c  investment cos t  f a c t o r s  i n  the i n s t a l l a t i o n  o f  a 
compressor s t a t i o n  a r e  the compressor, pr ime mover, l a n d  and improve- 
ments, the s t r u c t u r e s ,  and  t h e  miscellaneous equipment. The average 
cos t  p e r  horsepower f o r  n ine  new mainline compressor s t a t i o n s  reported 
t o  t h e  FPC i n  1964 was $380.' The t o t a l  i n s t a l l e d  capac i ty  was 60,000 
h.p. The cost  var ied from $169/h.p. f o r  10,500 h.p. i n  Louisiana t o  
$518/h.p. f o r  6000 h.p. i n  N e w  Je rsey .  Table 3 l i s t s  t h e  average 
cost/h.p. reported from 1959 through 1964 f o r  new mainl ine s t a t i o n s  
and addi t ions .  Compressor s t a t i o n s  vary somewhat w i t h  l i n e  s i z e ;  
Table 4 shows the estimated cos t  f o r  compressor s t a t i o n s  as a func- 
t i o n  o f  nominal p i p e  s ize .  These c o s t s  inc lude  land, engineering, 
equipment, purchasing, a n d  inspec t ion .  

Procurement of  right-of-way i s  o f t e n  a major problem and can 
considerably increase  the cos t  o f  a p ipe l ine  p r o j e c t .  
land, t h e  population dens i ty  i n  the area, and the number of road, 
water,  and rail c ross ings  a f f e c t  the economic d e c i s i o n s  of  a l t e r n a t e  
routes .  
a c t u a l  experience a s  r e  o r t e d  t o  the F'PC f o r  30- and 36-in. p ipe l ines  
the cost/mile averaged g3650. 
both mountainous and r e l a t i v e l y  f l a t  t e r r a i n .  

The type of 
' 

Right-of-way c o s t s  range from $2000 t o  $4000 per mile.  I n  

These c o s t s  r e f l e c t  cons t ruc t ion  i n  
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Table 3. -COMPRESSOR STATION COSTS' 

- New Mainline - New Additions - 
Tota l  Capacity, 

h. p. 
F i s c a l  Tota l  Capacity, 
Year h.p. 

19 59 
1960 
1961 
1962 
1963 
1964 

Nominal Pipe 
Size,  i n .  

123,980 
242,850 
36,750 

l o g ,  080 
45,000 
60,000 

32 5 
208 

340 
338 
380 

326 

79 9 770 
396,115 
85,560 
101,840 
90,800 
100,200 

Table &.-COMPRESSOR STATION COSTS' 

Fixed S t a t i o n  
c o s t ,  $ 

12 250,000 
16 .250,000 
20 300,000 

36 650,000 
42 650,000 

26 500,000 
30 500,000 

27 1 
233 

251 
222 
233 

266 

Variable  S ta t ion  Cost, 
$/installed h.p. 

2 50 
2 50 
225 
225 
225 
225 

.2 50 

A p ipe l ine  must  a l s o  have communications f a c i l i t i e s ,  mainten- 
ance f a c i l i t i e s ,  meter s t a t i o n s ,  and  s a l e s  and r egu la to r  f a c i l i t i e s  
a t  d e l i v e r y  points .  

P ipe l ine  Construction and Transmission Costs 

A l a r g e  new p ipe l ine  proposal  presented t o  t h e  F P C  i n  1963 was 
t h e  1545-mile Gulf-Pacific P ipe l ine  Company system designed t o  t rans-  
po r t  gas  from south of Houston, Texas t o  t h e  Los Angeles area. The 
a p p l i c a t i o n  and  t he  f i g u r e s  support ing it e f f e c t i v e l y  summarize p i  e- 
l i n e  cons t ruc t ion  cos ts .  
m i l l i o n  or about $203,200/m11e.11 The l i n e  would r equ i r e  15 compres- 
sor s t a t i o n s  cost ing approximately $51 m i l l i o n  or about $273/h.p. 
The mainl ine system would u s e  36-in. x-60 pipe f o r  t he  ma'or port ion 
and would cos t  over $209 m i l l i o n  o r  an average of almost $150,000/ 
m i l e .  The pro jec t  investment c o s t s  are summarized i n  Table 5. 

The est imated cos t  of t h e  pro jec t  i s  $31 ! 

Table 5.-GULF-PACIF'IC PIPELINE CO. COST ESTIMATE" 
Unit Cost, $ 
149,849/mile 
72,162 mile  

Mainline ( 1397.8 miles) 
Gathering l i n e  (45.0 miles )  
Ca l i fo rn ia  La te ra l s  (102.4 miles) 108,47 /mile 
Sa le s  Regulator F a c i l i t i e s  
Compressor S ta t ions ,  (15,000-188,000 h.p. ) 273/h.p. 
Miscellaneous 

Overhead, 3.86$ 
I n t e r e s t  During Construction, 3$ 
Contingencies,  5$ 

d 

Tota l  Di rec t  C o s t  

Tota l  Pro jec t  Cost 203,20O/mile 

~ .. . . . . . .. ., 

Tota l  Cost, $ 
209,458,900 
3,247,300 

1,550, 000 

2,733,300 

ii, 108, ooo 
51,381,500 

279,479,000 
10,787,000 
8,708,000 
14,949,000 
313,9231 000 
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The t o t a l  opera t ing  cos t  of a p i p e l i n e  i s  composed o f  the a c t u a l  
cos t  of operat ions,  maintenance, genera l  se rv ices ,  and f ixed  charges. 
The g r e a t e s t  cont r ibu tor ,  excluding gas  purchase c o s t ,  t o  t h e  t o t a l  
cos t  i s  the f ixed  cos t  (Table 6 ) .  

Table 6 . - A m G E  1962 U.S. GAS TRANSMISSION COST13 
( Inc luding  Return) 

c o s t ,  ~ / M C F  
Purchase a n d  Production 20.6 
Operating Maintenance 2.7 
General Services 1 . 4  
Fixed Costs 11.5 

Average Delivered Cost 36.2 

The o v e r a l l  cos t  of transmission genera l ly  averages about 1.5#/MCF 
f o r  each 100 miles. 
F’PC,13 f o r  t h e  transmission f a c i l i t i e s  of 15  p i p e l i n e  companies i s  
lO.lP/MCF of gas  del ivered.  l 3  

the i n d u s t r y  has d i rec ted  continuing e f f o r t s  i n  the a r e a  of  transmis- 
s ion and p i p e l i n e  research  w i t h  a view t o  improved and more economical 
techniques.  
s t e e l  a n d  t h e  e n t r y  of  gas  t u r b i n e s  as prime movers. 
A. G.A. has sponsored research  on l i n e  pipe proper t ies ,  multiphase flow 
mechanics and  t r a n s i e n t  flow systems which w i l l  permit t h e  design of 
optimized and economical t ransmission systems. 

The average opera t ing  c o s t s ,  as reported t o  t h e  

Since t r a n s p o r t a t i o n  i s  a major component of t h e  cos t  o f  gas,  

Examples o f  t h i s  are the development of high-strength 
I n  addi t ion,  t h e  

STORAGE 

D i s t r i b u t i n g  companies faced w i t h  seasonal  v a r i a t i o n s  i n  d a i l y  
sendout normally c o n t r o l  the average cos t  o f  purchased g a s  by peak- 
shaving and the sales of  i n t e r r u p t i b l e  gas. I n t e r r u p t i b l e  gas i s  that 
which i s  sold w i t h  the understanding that i n  times of  excessive demand 
it  w i l l  be del ivered t o  o ther  customers. However, when a d i s t r i b u t i n g  
company i s  unable t o  s e l l  i n t e r r u p t i b l e  gas at s a t i s f a c t o r y  r a t e s ,  it 
w i l l  s t o r e  summer gas  t o  meet f u t u r e  winter f i r m  gas  sales. 
one of  the important components that inf luence  t h e  final del ivered gas  
cost  i s  s torage.  These l a r g e  volumes of  gas  can be most economically 
s tored  underground i n  depleted o i l  or gas r e s e r v o i r s  and i n  porous 
water-bearing formations, o r  aqui fe rs .  Any s torage  system mus t  be 
c lose  t o  the point  of u s e  but,  unfortunately,  underground geological  
formations s u i t a b l e  f o r  th is  type of s torage are n o t  a v a i l a b l e  i n  a l l  
par ts  of  the United S ta tes .  Depleted o i l  or gas r e s e r v o i r s  are con- 
f ined  t o  areas where favorable condi t ions for the  formation of o i l  and 
gas  depos i t s  once ex is ted  - areas  that can be developed with much less  
expense and  e f f o r t  than would be required f o r  a q u i f e r s .  
high developmental c o s t s ,  aqui fe r  s torage c o s t s  more than s torage i n  
depleted o i l  or gas f i e l d s .  

Economics 

ground s torage,  c e r t a i n  engineering considerat ions have t o  be m e t .  

Therefore, 

Because of  t h e  

Before an economic evaluat ion can be made o f  a p o t e n t i a l  under- 
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These cons idera t ions  a l s o  have an economic s i g n i f i c a n c e  on t h e  

c o s t  of s torage.  Obviously, t h e  l o c a t i o n  of a prospect ive underground 
s torage  s i t e  as near t o  t ransmiss ion  l i n e s  and markets as possible  i s  
v i t a l  for decreased expendi tures .  The s i z e  of the r e s e r v o i r  i s  d i c -  
tated by the maximum seasonal  demand which has t o  be met and a l s o  in-  
creased demand i n  t h e  fu ture .  High poros i ty  i s  conducive t o  s torage 
o f  a l a r g e r  volume of gas f o r  a given s t r u c t u r e .  
d e s i r a b l e  s i n c e  it p e r m i t s  the s torage  s t r u c t u r e  t o  rece ive  gas read- 
i l y  on i n j e c t i o n  a n d  d e l i v e r  i t  a t  high wi thd rawa l  rates when needed. 

1 
I 

4 

Good permeabi l i ty  i s  

1 

Table 7. -VARIATION O F  UNDERGROUND STORAGE COST’ 

Average, $/MCF Range, $/MCF 
Storage P lan t  Investment 0.98 0.34 - 2.05 
Cost of Storage Gas 

Fixed Charges, 15% 0.15 0.051 - 0.308 

Inventory Value  of G a s  Withdrawn 0.279 0.097 - 0.433 
Operating and Maintenance Expense 0.031 0.016 - 0.115 

T o t a l  Gas Cost/MCF 0.460 

Although the estimated u l t i m a t e  capac i ty  of underground s torage  
has increased,  t h e  increas ing  gas  demand and lack  o f  s u i t a b l e  under-  
ground s t o r a g e  loca t ionshave  spurred t h e  i n d u s t r y  i n t o  i n v e s t i g a t i n g  
alternate means of s torage  f o r  peakshaving. 
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One of t he  newly developed methods i s  the s torage  of gas as a 
l i qu id .  Liquid n a t u r a l  gas can be s tored  at atmospheric pressure and 
-259'F., where i t  has t h e  advantage of containing 630 volumes of gas 
as 1 volume o f  l i q u i d .  A t  present ,  t h ree  methods of LNG s torage a r e  
ava i l ab le  t o  t h e  gas industry:  

1. Aboveground metal. t anks  
2. Cryogenic inground s torage  
3 .  Belowground prestressed-concrete  tanks.  

The s torage  o f  LUG at cryogenic temperatures involves  spec ia l  problems 
and ma te r i a l s ;  techniques have been developed which permit  the  s torage 
container  t o  withstand t h e  extremely l o w  temperatures.  The cos t s  of 
LNG s torage  vary with capac i ty  as shown i n  Fig. 6 f o r  aboveground metal  
t a n k s  ($1.80/MCF f o r  1 mi l l i on  MCF) and i n  Fig. 7 for belowground pre- 
s t ressed-concre te  conta iners  ($1.50/MCF f o r  1 mi l l ion  MCF) . The 
prestressed-concrete  tank s torage technique was successfu l ly  demon- 
s t r a t e d  a t  IGT under sponsorship o f  t he  American Gas Association. 
Present  e f f o r t s . a t  I G T  are d i r ec t ed  towards the  s torage  of l a rge  vol- 
m.es of IJVG i n  underground caverns. The acceptance o f  t he  LUG storage 
technique has r e su l t ed  i n  construct ion of t h ree  major i n s t a l l a t i o n s  i n  
recent  months. Double-walled metal LNG s torage tanks are being in -  
s t a l l e d  a t  Birmingham, Alabama and San Diego, Cal i forn ia ,  and a cryo- 
genic  inground s torage p i t  i s  being constructed a t  Hackensack, New 
Jersey.  Once the  gas  has  been de l ivered  t o  t h e  c i t y  ga t e ,  perhaps hav- 
i n g  been s tored  a t  some in te rmedia te  poin t ,  it m u s t  s t i l l  be d i s t r ibu ted  
t o  t he  ind iv idua l  customers. 

DISTRIBUTION 

I n  1963, 434,000 mi les  of d i s t r i b u t i o n  piping w a s  used t o  sup- 
p ly  35.5 mi l l i on  customers. The dominant economic f a c t o r  i n  gas  d is -  
t r i b u t i o n  i s  t h e  charac te r  of t h e  demand which v a r i e s  w i t h  each of  the 
four  types  of customer appl ica t ion :  

1. Res iden t i a l  and small commercial - non-spaceheating 
2. Res ident ia l  - spaceheating 
3 .  Small-volume commercial and i n d u s t r i a l  - spaceheating 
4. Large-volume commercial and i n d u s t r i a l  

I n  addi t ion  t o  these  c l a s s i f i c a t i o n s  a d i s t r i b u t i o n  company may a l s o  
s e l l  gas t o  the  i n t e r r u p t i b l e  customers. A s  publ ic  u t i l i t i e s  gas d i s -  
t r i b u t i o n  companies have an i m p l i c i t  cont rac t  with t h e i r  f irm customers 
t o  sat isf 'y  t h e i r  demands at a l l  t imes.  Since a high percentage of firm 
customers use gas f o r  spaceheating, such demand i s  very responsive t o  
weather condi t ions.  

This widely f l u c t u a t i n g  demand p r e c i p i t a t e s  a problem o f  supply 
tha t  i s  fe l t  a l l  the way back t o  the  producer. 
f i n e  ourselves  t o  i t s  e f f e c t s  on the d i s t r i b u t i o n  company, f e l t  moat  
keenly by the  northern u t i l i t i e s  who experience the  widest temperature 
v a r i a t i o n s .  
a, l e s s e r  ex ten t .  The s t r u c t u r e  of gas  r a t e s  s t r e s s e s  the necess i ty  t o  
maintain high load f a c t o r s .  The cos t  o f  gas t o  most companies i s  com- 
puted from a two-part rate. The f i r s t  p a r t ,  the demand charge, or 
f ixed  cos t ,  i s  payable monthly a n d  i s  based on t h e  m a x i m u m ,  da i ly  con- 
t r a c t e d  (wi th  the  p ipe l ine )  quant i ty ;  t h e  second p a r t ,  the  commodity 

However, w e  w i l l  con- 

The southern gas companies have the same problem, b u t  t o  
. 
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c o s t  or var i ab le  cos t ,  i s  t h e  d i r e c t  cos t  for each 1000 cu.f t .of  gas 
purchased. Table 8 t y p i f i e s  the problem faced by some d i s t r i b u t i o n  
companies i n  t h e  Northeast .  In  t h i s  ins tance ,  t h e  demand charge i s  
$65/MCF of d a i l y  capac i ty  contracted and t h e  commodity cos t  i s  $0.31/ 
MCF of gas a c t u a l l y  de l ivered .  

Table 8.-PIPELINE GAS COST 
Usage, days Cost, $/MCF 

20 0 
30 0 
36 5 

1.61 

0.64 

0.49 

0.96 

0.53 

It i s  r e a d i l y  apparent  that  management w i l l  at tempt t o  op t i -  
mize t h e  purchase pa t t e rn  of gas.  Many methods a r e  used t o  obta in  
a h igher  l o a d  f ac to r  than would be obtained through exc lus ive  p ipe-  
l i n e  purchase. 
e rn  u t i l i t y .  
summer months. Many gas companies attempt t o  f i l l  t h i s  va l l ey  by s e l l -  
i ng  i n t e r r u p t i b l e  gas  t o  i n d u s t r i a l  and/or commercial customers, or 
through t h e  use  o f  s to rage  systems which was discussed previously.  
Among the  o the r  techniques for peakshaving a r e  the  u s e  of propane-air 
mixtures ,  manufactured gases ,  a n d  s p e c i a l  purchases of peakload pipe- 
l i n e  gas. 

D e s i m  

peaks, as wel l  a s  d a i l y  a n d  seasonal  demands. D i s t r ibu t ion  systems are 
gene ra l ly  designed t o  be a b l e  t o  serve the  maximum r a t e  o f  gas demanded 
over a 15-30 minute period. 

D i s t r ibu t ion  system pressure  i s  the  f i r s t  design parameter t h a t  
m u s t  be defined a f t e r  the load i s  known. The system pressure  d i r e c t l y  
in f luences  the cost  of a system because t h e  major investment (80 per- 
cen t ) '  o f  a gas  d i s t r i b u t i o n  company i s  i n  i t s  mains and serv ices .  
(Se rv ices  a r e  t h e  p i p e s  from t h e  s t r e e t  mains t o  the  customer's  meter . )  
Pipe c o s t s  are d i r e c t l y  related t o  volume of gas del ivered a n d  oper- 
a t i n g  pressure.  Maximum design pressure for d i s t r i b u t i o n  systems ra re-  
l y  exceeds 60 p.s.i.g.;many companies opera te  t h e i r  systems below 25 
p . s . i .g .  

Because of t h e  h igh  proportion of investment i n  mains and  ser- 
v i c e s  and t h e i r  d i r e c t  e f f e c t  on the d i s t r i b u t i o n  C o s t ,  it i s  impera- 
t i v e  t h a t  new d i s t r i b u t i o n  system investments be optimized. Future  
l o a d s  for expanding communities must be accura te ly  est imated t o  opt i -  
mize cos t s .  The cos t  of mains va r i e s  considerably across  var ious sec- 
t i o n s  of t he  country because of t h e  g r e a t  v a r i a b i l i t y  of labor  cos t s  
and i t s  l a r g e  e f f e c t  on i n s t a l l e d  main cos ts .  Generally, the only pre- 
d i c t a b l e  c o s t s  are those  of t h e  pipe i t s e l f .  However, some genera l  
e s t ima tes  have been made. For example, the cos t  of i n s t a l l i n g  1000 ft. 
of a 6-in. s t e e l  main i n  a suburban area was est imated as $5150; the  
c o s t  of i n s t a l l i n g  a 50 ft., 1-in. se rv ice  would be $175.3 

Fig. 8 shows a hypotheticatf. sendout curve for a north-  
It can be seen t h a t  a l a r g e  val ley" e x i s t s  during the  

The d i s t r i b u t i o n  system m u s t  be designed t o  meet instantaneous 

i. 

4 

I 
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The cos t  of new d i s t r i b u t i o n  f a c i l i t i e s  a l s o  inc ludes  the cos t  
of meters a n d  pressure r egu la to r s ,  which account for about 14 percent  
of t o t a l  d i s t r i b u t i o n  system investment. The cos t  v a r i e s  from about 
$45-$50 for r e s i d e n t i a l  meters  t o  almost $5000 for the large-volume 
meters.  The average investment for d i s t r i b u t i o n  f a c i l i t i e s  i s  about 
$325/customer. 

The t o t a l  c o s t s  for gas d i s t r i b u t i o n  inc lude  f i x e d  charges on 
t h e  d i s t r i b u t i o n  system investment, and the operat ing,  maintenance, 
and customer accounts expenses. The f ixed  charges,  averaging about 
$42.60/yr. per customer exceed a l l  o the r  c o s t s  combined, which have an 
average t o t a l  of about $19/yr. per  customer.' 
c o s t s  i s  that the design and opera t ion  of mains. and s e r v i c e s  is o f  
paramount importance and must no t  be l e f t  t o  chance. The d i s t r i b u t i o n  
expenses cont r ibu te  9.3 percent  o f  the t o t a l  opera t ing  c o s t s  i n  a d i s -  
t r i b u t i o n  company. Table 9 de t a i l s  t h e  o the r  items of expense. Note 
that purchase and production of gas a r e  by far t h e  l a r g e s t  cont r ibu tor ,  
77 percent ,  t o  the t o t a l  opera t ing  expenses. 

The impl ica t ion  of  t hese  

Table 9. -TOTAL DISTRIBUTION COMPANY OPERATING COSTS I N  1962l 

Cost D i s t r ibu t ion ,  $ 

Purchase and Production 77.0 
Transmission and Storage 5.5 
Di s t r ibu t ion  and Customer Accounts 9 .3  
Sales ,  Administration, and General 8.2 

100.0 

While the cos t  of gas purchases o f f e r  the largest t a r g e t  f o r  
cos t  reduct ion  through improved s torage  and t r anspor t a t ion  methods, 
the o the r  c o s t s  o f f e r  many oppor tun i t i e s  through advances i n  technology 
a n d  improved methods. Such e f f o r t s  are being extended by the indus t ry  
through industrywide r e sea rch  by the A.G.A. and through ind iv idua l  com- 
pany e f f o r t s .  
de t ec t ion  and s tud ie s  o f  nonwelding techniques o f  j o in ing  pipe a t  IGT,  
and s t u d i e s  i n  t h e  use o f  p l a s t i c  pipe a t  B a t t e l l e  Memorial I n s t i t u t e .  
A number of p r o j e c t s  are a l s o  being conducted at the  A.G.A. labora- 
t o r i e s  i n  areas assoc ia ted  w i t h  domestic gas  usage. 

A c t i v i t i e s  inc lude  development of new methods o f  l e a k  

CONCLUSION 

We ha.ve t r aced  the rou te  of our supply of gas  from t h e  wellhead 
t o  the consumer and discussed the problems and r o l e  that  each s t e p  
p lays  i n  t h e  o v e r a l l  economics. Although consumer g a s  p r i c e s  vary, an 
average for a l l  c l a s s e s  of se rv ice  showing the cont r ibu t ion  of each 
s t e p  can be ca lcu la ted :  

Table 10 .  -AVERAGE GAS PRICE' 

Production 
Pur i  f i c a t  i on  
Tran s m i  s sion 
Storage 
D i  s t r ibu  t ion  

Price Factor,  $/MCF Contribution, $ 
20.4 32.4 
0.2 0.3 
15.6 24.8 
0.7 

26.0 
62.9 

1.1 
41.4 
100.0 

i 
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Storage a n d  d i s t r i b u t i o n  account for 42.5 percent of the average 
Following i s  t h e  average consumer p r i c e  for 1 MMAtu (1 MCF) of energy. 

p r i c e  paid i n  1963 for 1MCF of gas  i n  each of the three major c l a s s e s  
of se rv ice :  

Table 11.-AVERAGE PRICE PAID FOR GAS I N  1963l 

Resident  i a1 0.99 
C o m e r c i a l  0.77 
I n d u s t r i a l  0.34 

$/MCF 

The l a r g e  p r i c e  v a r i a t i o n  among t h e  d i f f e r e n t  types of serv ice  
i s  due pr imar i ly  t o  the volume purchased and t h e  a l l o c a t i o n  of t h e  en- 
t i r e  system's  f ixed  charges on investment. The r e s i d e n t i a l ,  most com- 
merc ia l ,  and a few i n d u s t r i a l  consumers, pay for and rece ive  a guaran- 
t e e  of continuous serv ice .  Payment for t h i s  guarantee comprises a 
major por t ion  o f  the f i x e d  investment. Despite r i s i n g  p r i c e s  a t  the 
wellhead and i n  t h e  n a t i o n ' s  o v e r a l l  economy, the continuing advances 
i n  research and development i n  the gas  i n d u s t r y  have provided the con- 
sumer w i t h  r e l a t i v e l y  stable gas  p r i c e s  and have g r e a t l y  increased t h e  
market demand for gas. 
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Economics of Elec t r ic  Energy Del ivery 

C. F. Hochgesang 

r 

Gentlemen, i t ' s  a distinct p leasure  t o  be asked to  ta lk  to  you today on'the t rans-  
port  and s torage  of e lec t r ic  energy. We've taken the l iber ty  of calling our  d iscus-  ) 

the  ha l lmarks  of this talk is  i t s  inability to s t ick to the subject. 1 

Unfortunately for simplicity, but fortunately for  power system planners  who 
make  a living because the  subject  i s  not simple, i t  i s  extremely difficult to  divorce 
the subject  of the t ransmiss ion  and distribution of e lec t r ic  energy f r o m  the subject 
of i t s  generation. The economics of all th ree  are indelibly and i r revocably in t e r -  
twined, although, surprisingly, the  subject of distribution can stand on its own feet 
without the other two much e a s i e r  than can generation or t ransmission.  

Before we g e t  confused premature ly ,  let's s t a r t  by defining a f e w  t e r m s  in  the 
jargon, and f r o m  the viewpoint of the e lec t r ic  power sys t em operator. Let's pick 
out jus t  five: generation, t ransmiss ion ,  distribution, s torage and interconnection. 

The t e r m  "generationI1 i s  probably self explanatory. It means  the  facil i t ies 
to  convert  energy f rom stored or  flowing water ,  o r  f rom foss i l  fuels,  o r  f r o m  the 
atom, t o  e lectr ic i ty ,  Generally, generat ion is accomplished, for  economic and 
technical  reasons ,  at voltages of about ten  to  twenty-five kilovolts. We'll la ter  
see  that  t h i s  voltage range i s  about identical to the range of p r i m a r y  voltages in the 
dis t r ibut ion system, so that  in  some c a s e s  it is  possible to  feed power at generated 
vol tages  d i rec t ly  into the p r i m a r y  mains  for distribution. 
power sys t ems ,  th i s  was  the genera l  rule.  
separat ion between the typical  power plant location and that of the load center  now 
d e c r e e  otherwise in the usua l  case .  So we come t o  our next definition. 

In fact, in the ear ly  
But economics and the geographical 

The t e r m  "transmission" conventionally means  the faci l i t ies  to move the elec - 
t r i c  energy f r o m  the generat ing plants  to bulk receiving points, and f r o m  the bulk 
receiving points t o  local  distributing points, The bulk receiving points generally 
a r e  cal led " t ransmission substations, I t  and the loca l  distributing points "distribution 
substations, and both types  a r e  located with economic f inesse  throughout the system. 

, 



The t ransmiss ion  l ines  tying generating stations to bulk receiving stations a r e  
generally regarded  a s  the t ransmiss ion  system. They usually operate at voltages 
of 115,000 volts and up to  345, 000 volts a t  the present  t ime in o r d e r  t o  minimize 
t ransmiss ion  lo s ses  by holding down cu r ren t  flow, and in o r d e r  to pack maximum 
energy t ranspor t  capability into minimum right of way r e a l  estate.  

The network of l ines tying bulk substations to distribution substations is often 
called the "subtransmission" system, and they may  operate a t  voltages f rom 
230,000 volts down to around 20,000. Very la rge  cus tomers  m a y  be served f r o m  
the subt ransmis  sion system. The distinction i s  made between " t ransmission" and 
"subtransmission" according to the ro le  they play i n  the power system, and not by 
the voltage level, which v a r i e s  f rom sys tem to system. 

The distribution sys tem is fed f r o m  the  distribution substations, and it may 
operate f r o m  26,000 volts down to  about 4,000 volts. 
be rad ia l  when the individual feeders  a r e  not connected together, and the  loss  of 
which r e s u l t s  interruption f o r  the customer supplied f rom the line, or they may  
fo rm a network and be fed f r o m  severa l  substations. La rge r  cus tomers  and the 
secondary sys t ems  a r e  supplied directly f r o m  the distribution system. 

The distribution system may 

When we talk about storage we do not mean  storing energy in  the fo rm of e lec-  
tr icity,  a s  it cannot be done economically in la rge  quantities. We a l so  want t o  ex- 
clude h e r e  the economics of fuel storage. 
e lec t r ic  energy enroute f rom the conventional generating station to the customer is  
by pumped storage.  This technique involves pumping water  f r o m  a lower r e s e r -  
voir  to a higher one during light load t ime at low production cos t  in o r d e r  to  r e l ease  
the water  at the t ime of high demand and high production cost. Actually, another 
indirect  f o r m  of storage i s  achieved by a conventional hydro station where  the water  
is retained in the r e se rvo i r  when the energy is not needed and re leased  only when 
the demand is high. 

The only known economic way to s to re  

Interconnections a r e  simply. t ransmiss ion  l ines built between two or more  neigh- 
boring uti l i t ies to interchange energy when it is mutually advantageous; that is, 
when one can produce excess  power at a lower cost  under no rma l  conditions and for  
mutual  help during emergencies .  
tion agreement  the group is frequently called a power pool. 

In case  severa l  sys tems join in  an interconnec- 

While each of these  ma jo r  p a r t s  of a power sys tem h a s  its own charac te r i s t ic  
economic problems,  the economics of the e lec t r ic  energy delivery must  be looked 
a t  f r o m  the standpoint of the whole system. 
sion and pumped storage,  cannot be divorced f r o m  economics of operation and expan- 
sion of the en t i re  system, 

Specific problems,  such as t r ansmis -  

We wi l l  f i r s t  briefly talk about the economics of producing power and expanding 
a sys tem in general, then will  go into detail  of the economics of transmission. 

F igure  1 shows the invested capital  s t ruc ture  of a typical power company, 
Power plants take the la rges t  share,  but distribution facil i t ies take  almost  as much. 
T ransmiss ion  takes  a smal le r  share  and the "others" category includes i tems  like 
buildings, shops, vehicles, etc. This  relative distribution, of cour sea  may v a r y  
f rom company to company depending on the location and density of load, but it is 
quite representa t ive  of the industry as a whole. 



Economic Operation of i? power system 

be operated with maximum economy. Further ,  t he  system must  be expanded in the 
mos t  economic manner t o  m e e t  future loads. These two problems a r e  not really 
separable  because, in planning the economic expansion of a system, the operating 
cha rac t e r i s t i c s  of the future  sys t em is v e r y  important. 
pr inciples  is, therefore ,  logical and necessa ry  to fo rm the bas i s  for  fur ther  d i s -  
cussion of the problem. 

A power system in existence,  with the facil i t ies then available fo r  service,  must  

Setting down the operating 

Load Character is t ics  
Before we can talk about the operation of a system, i t  is necessa ry  to discuss  

the unique load cha rac t e r i s t i c s  of a power system. 
are t h e  d i r ec t  resul t  of these cha rac t e r i s t i c s .  
cha rac t e r i s t i c s  of a power sys t em,  
weekday. 

Many basic economic problems 
Figure 2 shows typical daily load 

The cha r t  shows the load for  a no rma l  winter 

The shape of the curve m a y  change f rom season to season, as temperature  and 
Basically,  the load has  a minimum value below which the the daylight hours  vary. 

load never  descends, sharply increasing per iods and peak loads lasting only a few 
hours  a day, followed by rapidly decreasing periods. 
sys t em e v e r y  moment must  be equal to the demand, a s  energy cannot be stored 
economically in  the f o r m  of electricity.  
mee t  the load usually v a r i e s  in size, efficiency, reliability, and cost  of fuel, etc. , 
some located nea r  load cen te r s ,  some at f a r  away hydro plants o r  minemouth gener-  
ation sites.  Spinning r e s e r v e  mus t  be available to  cover the possibil i ty of the sud- 
den outage of some equipment and additional r e s e r v e  capacity mus t  be built to allow 
scheduled and non-scheduled maintenance. 

The power generated by the 

The generating equipment available to  

To achieve minimum cost  of energy delivery at  a l l  t imes,  it is  n e c e s s a r y  to 
schedule the available generating units carefully throughout the day. 
ency units, which a r e  cha rac t e r i s t i ca l ly  the newer and l a rge r  s ize  units and which 
cha rac t e r i s t i ca l ly  burn the lowest  cost  fuels, a r e  therefore  utilized t o  provide as 
many kilowatt hours  as possible  and practicable.  These unit s a r e  assigned to c a r r y  
the so-called "base load", and usually a r e  not taken out of service except when main-  
tenance is required.  
these may  be taken out of s e rv i ce  eve ry  night, except cer ta in  ones vh ich may  be kept 
on line for  l oca l  a r e a  protect ion in c a s e  of t ransmission failure. 
units a r e  usually older units once themselves  serving as base load units. 

The high effici- 

L e s s  efficient units a r e  assigned the next block of load and 

Non base-load 

The peak load hours  frequently are taken c a r e  of by so-called peaking units, 
which may  be relatively low efficiency internal  combustion units (diesel  or  gas t u r -  
bine) or "bare bone" low efficiency s t eam units. Conventional hydro plants can be 
used f o r  any of these pu rposes  depending upon the cha rac t e r i s t i c s  of the available 
water  and the storage. Usually the power system is interconnected to a neighbor- 
ing sys t em and can interchange energy to take advantage of the possible cost  differ-  
ences  at any  given period, or t o  provide mutual help in case  of emergency. 

At any given moment the total  delivered energy has  a definite cost  value which 
depends upon the combination of cost  values  of a l l  the generating facil i t ies in s e r -  
vice. 

The t r ansmiss ion  sys t em makes  it possible to  operate  a l l  units i n  unison and 



naturally ::le loading on the t r ansmiss ion  l ines h a s  some effect on the economics of 
of the  de l ivery  as the lo s ses  a r e  higher, if  the  energy has to  be delivered over long 
distances. 
economy when uneconomical generation has  to be kept in se rv ice  during the outage 
of l ines  o r  frequently in anticipation of line outages in critical a reas .  Loading on 
the l ines must  be constantly monitored to  prevent overloads even by deviating f rom 
the  economic generation schedules. 

The s ta tus  of the t ransmission sys t em m a y  affect the whole system 

The operation of the distribution sys t em is largely independent of the genera-  
tion system and i t s  daily operation, as it i s  usually not affected by the  loading sched-  
u les  of the var ious  genera tors  with the exception of some small size peaking units, 
which m a y  be connected directly to the distribution system, 
ments  and outages in  the  t r ansmiss ion  and subtransmission system, however, m a y  
affect the distribution system. 

Operating a r r ange  - 

Development of an  economic power system 
- Having looked roughly at how an economical power system operates,  let us now 

look into the fu ture  and see  what basic economic f ac to r s  govern i t s  expansion. 
Again we mus t  emphasize that t he  system as a whole mus t  be considered to achieve 
the  bes t  results.  

Le t  u s  assume that a reasonable load fo recas t  i s  available for  the entire future 
period under investigation, not only for  the magnitude of the year ly  peak load on 
the whole system, but a l so  the geographic distribution of it, the shape of the load 
curve and the kilowatt hours  to  be provided. Variation in  th i s  load forecas t  m a y  
mater ia l ly  change the economic expansion pattern,  especially as to,timing. 

The objective of the planning is  to  develop a schedule of additions to the genera-  
tion and t r ansmiss ion  facil i t ies which a s s u r e s  that the projected load will be me t  
with acceptable reliabil i ty and the cost  of energy will be minimum in  the future. 
Investment cost  of the new equipment, generating and t ransmiss ion ,  and the overall  
operating cost  of the entire future system mus t  be carefully analyzed. 

Turning to  generation expansion problems, t he re  a r e  usually a ve ry  la rge  num- 
ber  of alternatives available. 
and projected t r ansmiss ion  system i s  one of the first considerations. 
the unit has a strong influence on the installation cost, as the  cost  p e r  kw dec reases  
with the increase  in size.  The amount of necessa ry  r e s e r v e  capacity depends upon 
the s ize  and reliability of the existing and future units. 
units a r e  built it will be necessa ry  to have m o r e  r e s e r v e  capacity t o  cover the outage 
of the la rge  units. 
m a y  cost  m o r e  than the gain f r o m  the l a rge  units. The fuels to  be used, especially 
the projected fuel p r i c e s  at the  considered location, m a y  be decisive. 
tion of types of units, fo r  example base load v e r s u s  peaking, is one of the most 
interesting t a sks  of a sys t em planner. N o  universal  ru l e s  can be se t  forth, as size 
of the particular system under consideration, t he  potential load growth, fuel pr ices ,  
available hydro, etc. ,  all play dec is ive  influence. One may think, why not build 
only l a rge  efficient units in  the future to take advantage of the  decreasing installa- 
tion cost. 
only f o r  a short  period, it is  obvious that the l a rge  units will  not be loaded up al- 
ways to their  maximum, and near ly  the most efficient value, but will  have to  run  
often with 3 / 4  or 1 / 2  load with the  corresponding lo s s  of efficiency. One may go 

The location of new units as related to  the existing 
The size of 

If only a few la rge  size 

This m a y  be de t r imenta l  because the ex t r a  r e s e r v e  capacity 

The se lec-  

If we note that the load on the system is such that the peak demand l a s t s  
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t o the  other  ex t reme;  ins ta l l  sma l l e r  s ize  peaking units with relat ively low efficiency 
but take advantage of the lower installation cos t  as  both fac tors  influence the ultimate 
cost  of the del ivered energy. 
thumb in th i s  analysis. 
ca l  methods t o  get sa t i s fac tory  r e su l t s  in  the proper  balance and timing of various 
types of generating units. 

I t  i s  v e r y  difficult, in fact  dangerous, to u se  ru les  of 
The  industry has  had to  r e s o r t  to  the  mos t  modern  analyti-  

The  location of the units i s  determined by the relat ive economics of fuel  pr ices  
ve r sus  t ransmiss ion  cost and such important f ac to r s  l ike availabil i ty of cooling 
water, air and water  pollution restri ,ct ions,  and government regulations and public 
acceptability in  case of nuclear  plants. Smaller  s ize  peaking uni ts  (diesel  and gas 
turbine)  m a y  be located near  load centers  but the inherent noise problem can be pro-  
hibitive. 

We haven't t r ied to analyze in  detai l  all the fac tors  involved in  generation plan- 
ning, but mere ly  pointed t o  the mos t  important  ones t o  emphasize the  complexity of 
the problem and the relat ions t o  t ransmiss ion  and storage. 

T ransmiss ion  and distribution planning 
Transmiss ion  planning cannot be separa ted  f rom generation planning and to a 

l e s s e r  deg ree  even f r o m  dis t r ibut ion planning. 
t o  c a r r y  l a rge  blocks of power f r o m  the generating stations t o  the  load cen te r s  and 
provide interconnection with neighboring sys tems;  
divers i ty;  
omic solution i s  a r r ived  a t  when these  functions a r e  integrated into one scheme and 
the individual lines fulfi l l  m o r e  than one of these  functions. If the problem were  
only bulk t ransportat ion of energy f rom point t o  point, other means  may prove m o r e  
economical  as Figure 3 shows. These typical  data, of course,  include the fixed 
cha rges  as wel l  a s  operat ing cos t s  and losses .  
f rom a technical  commit tee  r e p o r t  of the  F P C  National Power Survey. Elec t r ic  
t ransmiss ion  i s ,  however, the only means  to  move energy generated at  remote  hydro- 
plants. 

The ro les  of t ransmiss ion  are:  

to share  r e s e r v e  capacity and 
and to  allow interchange of energy on an economic basis.  The  most  econ- 

The da ta  for  this  char t  was  taken 

The capaci ty  of a t r ansmiss ion  line, using the same  conductors i nc reases  prop-  
ortionally with the voltage while the relat ive lo s ses  decrease.  
considerat ion is ,  therefore ,  the voltage to be used for  a t ransmiss ion  project. 
Naturally, a t  a lower voltage m o r e  c i rcu i t s  are  needed to c a r r y  the same  power flow 
and consider ing the l imitat ions of right-of-ways and the  need to t ransmi t  la rger  and 
l a r g e r  amounts  of power in  the future,  i t  is e a s y  t o  s e e  why t ransmiss ion  voltages go 
upward by leaps  and bounds to  l imi t  the number of c i rcu i t s  and thus the r ight  of way 
r e a l  es ta te  needed. 

The f i r s t  planning 

F igu re  4 shows the h is tor ica l  development of highest t ransmiss ion  voltages used 
in  th i s  country. 
t r ansmiss ion  voltage in  th i s  country is  345, 000 V, but short ly  many 500,000 V l ines 
will  be operating. 
Canadian hydro  project,  Previously there  was  not grea t  p r e s s u r e  in  this  country to 
r a i se  t ransmiss ion  vol tages  as mos t  load centers  had ample fuel  supply nearby. 
the meant ime,  the techno1og)i of EHV developed sufficiently and the uti l i t ies began to  
rea l ize  that  to  keep ahead of the increasing demand and keep rates down they have to 
build larger m o r e  efficient units a t  locations where  fue l  p r i ces  a r e  low. 
sys t ems  a r e  sometimes too small to  take ful l  advantage of these  developments. 

Except for  a few experimental  lines, a t  the present  t ime  the highest 

700, 000 V t ransmiss ion  wil l  follow in a few y e a r s  with a large 

In 

Individual 
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Therefore  they have combined the i r  effort t o  build commonly owned plants and in t e r -  
connect with neighboring sys t ems  and pools by EHV lines. 

Another fac tor  plays a significant ro le  for  the private uti l i t ies;  
tion o r  potential competition f rom publicly-owned power suppliers. 
economic analysis shows no c lear  -cut advantage for a scheme incorporating extensive 
EHV. In borderline cases  intangibles, such as  these competitive considerations, 
may decide in favor of EHV. 

that i s  competi- 
Sometimes the 

It i s  obvious that as we increase  the voltages of the t ransmiss ion  system we can 
t ransmi t  m o r e  power on the right of way and generally we need l e s s  number of lines 
to t ransmi t  the same amount of power. Although the outage r a t e  of the higher vol-  
tage lines generally i s  l e s s  than the lower voltage lines, the planner  has to assume 
that they would fail occasionally. Therefore ,  a t  th i s  point we have to introduce the 
concept of f i rm  supply, Let  u s  assume,  for  example, a remote  mine mouth plant 
which for i t s  very  nature will be used a s  base  load generation. A single line bet- 
ween th is  mine mouth plant and the load center obviously cannot be considered firm 
because even the highest degree of preventive maintenance cannot a s s u r e  it. 
firm up the t ransmiss ion  scheme a second line should be built. 
each line should be a t  least  as much a s  to be able to c a r r y  the full output of the plant 
during the outage of one of the lines. Therefore ,  normally the l ines will be utilized 
only partially. 
expenditure may be uneconomical at  least  for  the init ial  operation of the system, 
Expected la te r  developments such a s  more  generating units at  the s a m e  location or 
along the line, o r  possible interconnections, may justify however the initial higher 
expenditure to forestal1 future even higher expenditure. The economic planning of 
t ransmiss ion  sys t ems  i s  not a s e r i e s  of one shot affairs, but usually involves a co- 
ordinated study of as  many as 25  to 30 y e a r s  of developments. 
tion i s  what r e su l t s  in the leas t  expensive scheme over the whole period. 

To  
The capacity of 

Under these  conditions too high voltage level with the inherent higher 

The economic s o h -  

F igures  5, 6 and 7 show the cost  of point to point t ransmiss ion  of 500 mw at 345 
kv, 1000 mw at 500 kv  and 2000 mw a t  700 kv respectively. Each char t  shows th ree  
curves  reflecting the dec rease  of t ransmiss ion  cos t  as the load factor (L. F.), that 
is  the utilization of the line, increased f rom 5070 to 70% and to  857’0. These curves  
were  also taken f rom a technical commit tee  repor t  of the  F P C  National Power Sur -  
vey. 
and may not be applicable to a par t icu lar  situation, where conditions a r e  different 
f r o m  what it was  assumed in  the  F P C  survey. 

I would like to emphasize h e r e  that these  i l lustrations r ep resen t  typical values 

In congested a r e a s  the unavailability of rights-of-way, o r  local opposition, often 
prevents  building overhead lines. 
underground, which, of course, besides the technical and operating difficulties, in -  
volve s substantially higher expenditure s pe r  circuit  mile than overhead lines. 

Utilities frequently a r e  forced  to put the l ines 

Hitherto we have talked about AC t ransmiss ion  only, but as you probably heard 
f r o m  recent announcements on the west  coast  two DC-EHV l ines  will  be built to- 
gether with severa l  AC-EHV lines to bring the surplus hydro energy available in the 
Pacific Northwest to load centers  in the Southwest, These  l ines will be built partly 
by private and partly by government agencies and it signifies a n  unusual cooperation 
between these  two sec tors  of the e lec t r ic  utility industry in th i s  country. 
d i scuss  the economics of DC lines ve r sus  AC lines, it may be worth pointing out c e r -  
tain important  technical differences between them. 

Before we 
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First, an AC line by i t s  v e r y  nature fits into a n  existing sys tem without too much 
difficulty. 
of the balance of generation and load at  each end of the line, and the equipment and 
operating methods a r e  well developed. The DC line is an entirely different thing. 
The energy will continue to  be generated and utilized a t  AC, therefore  the power must  
be rectified to  DC at the sending end and converted back to AC at the receiving end of 
t he  line. 
when we talk about thousands of megawatts  and voltages up to 1,000,000 V. 
m o r e  expensive te rmina l  equipment fortunately is compensated for  somewhat by l e s s  
expensive line design. The losses in a DC t ransmiss ion  line a r e  l e s s  than on an AC 
line because it doesn't have to c a r r y  reactive power inherent in the case  of an AC 
line. Operating methods, however, will be more  rigid with the DC line involving 
m o r e  in t r ica te  control equipment for  the whole system. 
as underground o r  underwater cable sys tems too expensive with AC, or connecting 
sys t ems  with different frequency, DC lines can compete successfully with AC lines 
onIy in  point t o  point long d is tance  t ransmiss ion  of ve ry  la rge  amounts of power. 
res t r ic t ion  of the  DC application s t ems  f rom the relative cost of the te rmina l  equip- 
ment  and the inflexibility of the DC t ransmiss ion  as f a r  as the  future extension of the 
sys tem i s  concerned. If along the proposed t ransmiss ion  route important load cen- 
t e r s  a r e  expected to develop o r  new generating units will be built, the A C  line offers 
a distinct advantage because it can  be more  easily tapped according to  the requirement .  
The p lace  of DC lines, a t  l eas t  at the moment, is  in clear-cut long distance point to 
point t ransmission,  or in t he  spec ia l  cases  of underground or underwater t ransmiss ion  
mentioned. 

The power flow on an  AC h e  is inherently determined by the difference 

The rec t i f ie rs  and conver te rs  a r e  ve ry  expensive equipment especially 
The 

Ignoring special  cases,  such 

This 

F igu res  8 and 9 compare  the  cos t  of point to point t ransmiss ion  by AC v e r s u s  DC 
The cos t  f igures  include the  cos t  of the te rmina l  facil i t ies too. for  a "typical" case. 

Distribution 
We pointed out ea r l i e r  that  the  economics of the distribution can stand on its own 

feet, l a rge ly  independent of the economic considerations in associated generation and 
t ransmiss ion .  A d is -  
tr ibution sys tem in a r u r a l  a r e a  has  different problems than a densely populated urban 
a rea ,  
nea r  t he  center of the a r e a  it s e rves ,  but frequently it i s  not possible and the  utility 
has  t o  consider  alternative locations. 
in  densely populated a r e a s  because  of zoning problems o r  because property is  simply 
not available. 

Distribution sys t ems  a r e  a s  var ied  as the a r e a s  they supply. 

I t  i s  of course m o r e  economical to locate the  distribution substation somewhere 

It  is increasingly difficult to acquire property 

T h e  location of the substations i s  one of the most  important  economic fac tors  in 
the  distribution sys tem a s  it de te rmines  the length of the  f eede r s  f r o m  the station to 
the  cus tomer .  Just like in the c a s e  of generation and t ransmiss ion  it is not suffici- 
ent t o  solve the  immediate problem, but the future load growth has to  be taken into 
consideration. Later,  m o r e  and m o r e  substations will be needed and the sys tem 
should be so  designed a s  to make  i t  ea sy  to affect future extensions and changes. 
Sometimes substation proper ty  m u s t  be acquired well in  advance of the actual need to 
a s s u r e  i t s  availability. 

The  quality of e lec t r ic  s e rv i ce  i s  measured  by i t s  reliability, and by tightness of 

It i s  m o r e  vulnerable to  adverse  
voltage and f requency  regulations at the point of delivery. 
mos t  t roubles  originate in the distribution system. 

Except for  frequency, 
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outside influences, such as weather,  than the t r ansmiss ion  system. 

Rapidly increasing customer loads coupled with the previously mentioned fac - 
t o r s  has  resulted in an upward push in distribution voltages. 
have decided to build underground systems to improve the appearance of the com- 
munity and at  the same  t ime the reliabil i ty of service.  
resulted in increased cost  of the distribution system. 
system st i l l  costs  much more  than an equivalent overhead system, 
a r e  making a great  effort to  keep this  cost  down by constantly improving the methods 
and equipment. 

Recently utilities 

These  tendencies naturally 
An underground distribution 

The utilities 

Pumped s torage - 
We have been asked to talk about storing energy and, a s  mentioned before, i t  - 

cannot be s tored economically in the fo rm of electricity.  
tion when we discussed the operation of a system we pointed out that t he  cost  of total 
energy a t  any given moment  depends upon the generating units providing it. 
load inc reases  on a system at  a given day, m o r e  and m o r e  units a r e  put into service 
with lower efficiency and higher operating cost .  If we can devise  some means 
whereby we can s to re  energy produced at  a low cost  and r e l e a s e  it a t  a t ime of high 
demand and high cost, we may justify the expenditure fo r  that  s torage.  

Ea r ly  in this  presenta-  

As the 

The operation of a pumped s torage plant i s  simply to  pump wa te r  f rom a lower 
r e se rvo i r  to a higher one during light load per iods on the power system when only 
efficient units operate,  usually a t  night and weekends, and r e l e a s e  the water to 
generate energy during heavy demand when otherwise inefficient units would have to  
be operated. 

Pumped storage plants, utilizing this  concept, have gained popularity in this 
country, The concept was known for many y e a r s  but in this  country it had not been 
popular until the economic reversible  pump-turbine was  developed. some yea r s  ago, 
which made i t  possible t o  lower installation costs.  Before, each unit consisted of 
a generator-motor and a separate  pump and turbine,  a l l  on the s a m e  shaft. 

Naturally, the pumping-generating cycle involves l o s s e s  and at the present  such 
plants operate  a t  about 66% cycle efficiency; that is, only 2 1 3  of the energy used to  
pump the water  to the upper r e se rvo i r  can be regained when generating. 
makes  then such a plant economic for a utility? We have to  look again at the daily 
load cha rac t e r i s t i c s  of a sys t em and the available generating uni ts  to  meet the load 
m o s t  economically. 
m i c s  of pumped storage we have to  look into the subject in m o r e  detail. 

What 

We have talked about it briefly, but to  understand the econo- 

The generating system consis ts  of many units, some of t hem l a rge  efficient base 
load units, some older l e s s  efficient units, once themselves  base load units, which 
a r e  normally shut down during light load periods,  and peaking uni ts  used only during 
the heaviest  demand period. 
system. If the system has a relatively high proportion of efficient units, these may  
have to be curtailed during light load per iods with the resul t ing l o s s  of efficiency. 
It may  even be necessa ry  to shut down some of them frequently, thus incurring e x t r a  
cost  fo r  s tar t -ups and subjecting them to inc remen ta l  maintenance. With such a 
system, the pumped-storage should be investigated as a means  t o  provide peaking 
capacity provided, of cour se, that  a suitably economical si te is available for  such a 
development a t  a reasonable distance. The operation of the sys t em then would be 

The relative balance of t hese  uni ts  v a r i e s  with each 
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that during light load the efficient s t eam units, which otherwise would be partly loaded 
o r  shut down, would provide the  pumping energy at  a relatively low cost, thus filling 
the valleys of the load curve. During heavy demand the pumped storage plant would 
provide the peaking energy a t  a lower cost  than alternative peaking units could. 
F igure  10 shows the daily load cu rve  of a system with pumped storage.  A s  you can 
see  the base load units a r e  fully loaded throughout the  day. 
d rops  below the capacity of the  base  load units during the night, the difference is used 
for pumping. During peak h o u r s  the pumped s torage  plant generates instead of other 

When the actual load 

more  expensive types of peaking units. 

For example, let us  a s s u m e  that the base load units provide the pumping energy 
,at 2 mil l s  per  kwh, then the cos t  of energy generated at  the pump-storage plant w i l l  
be 3 mi l l s  pe r  kwh because of the lo s ses  in the cycle. Th i s  3 mills per  kwh figure 
then should be compared with t h e  energy cos t  of other types of peaking to determine 
which one is more  economical. 

The installation cost  of the pumped storage plant and the  alternative peaking 
plants, and the operating cost  of the whole sys tem with and without the pumped s to r -  
age m u s t  be ve ry  carefully analyzed to determine the economic solution. 

1 
In this case  ' I  

just  as any other problem, not only the present  condition should be looked into but 
also how it affects future economies. 
of the optimum size of the  r e s e r v o i r s  at the pumped storage plant. 

The investigation a l so  involves the analysis 1 

I 

Naturally, the installation cos t  and the optimum size of the r e se rvo i r  a r e  largely 
determined by the local topographical  and geological conditions at the site, which is  
beyond the control of the utility. 

The geographical location of the prospective pumped storage plant, a s  related to 
load 'centers  and generating stations providing the pumping energy is another impor - 
tant factor.  
nect the plant with load cen te r s  and t r ansmi t  pumping power f rom other generating 
sources .  
tional hydro or steam stations and r equ i r e  detailed investigation and in the  final analy- 
sis it may  be decisive for or against  the pumped s torage  plant. Several  other fac tors  
can influence the economics of a pumped s torage  plant besides those just  mentioned; 
such as the sharpness  of the peak  load period, that i s  i t s  magnitude and duration, 
and the amount of excess  cheap energy  available for pumping during off peak periods. 
Obviously a sys tem with sha rp  peaks  will find a pumped storage plant more  attractive 
than another system with flat  peak per iods  and relatively cheap peaking energy already 
available f rom conventional hydro  plants. 

The t ransmiss ion  l ines  leading to the pumped storage plant have to  con- 

The problems a re ,  therefore ,  somewhat more  complex than with conven- 

Expected future developments 
We have discussed a few of the cur ren t  problems of storing and transmitt ing e lec-  

t r i c  energy. Now, based on the present  conditions and trends,  we can make a r e a s -  
onable projection into the future. 

The e lec t r ic  utility industry i s  facing a t remendous task. The load has been in- 
c r eas ing  a t  such a ra te  that i t  doubles every  ten years .  
tion in  th i s  r e spec t  and plans a r e  based on the assumption that t h i s  trend will continue 
in the foreseeable  future. Th i s  p r e s s u r e  of increasing load w i l l  inevitably force  util- 
i t i es  to combine the efforts and f o r m  m a r e  interconnections and power pools. These 
pools in turn  will make it possible to build l a rge r  and l a rge r  units. 

We can foresee  no sa tura-  

Individual 
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sys t ems  of moderate  s ize  cannot hope to build these  units, because of the penalty 
they have to suffer as a result ,  i n  the fo rm of increased  r e s e r v e  requirement .  
as a member  of a l a r g e r  group they can enjoy the full benefits, as the installation 
cos t  per  kw dec reases  with the  size. 
and operating cos ts  a r e  expected to dec rease  also. 
will be built where fuel p r i ces  a r e  advantageous, 
ing t h e r e  is  a revival in the in te res t  of coal i n  a r e a s  where  coal h a s  not been used, 
f o r  example in the Southwestern pa r t  of the country. 
coal transportation cos ts  a r e  decreasing, which has  an important  influence on th i s  
revival of coal. 
the  industry to maintain a healthy economic s ta tus  and at the same  t ime dec rease  
energy cos t  and provide m o r e  reliable service.  

But 

The overa l l  r e s e r v e  requi rements  will be l e s s  
Naturally, these  la rge  size units 

A s  gas  and o i l  p r i ces  a r e  inc reas -  

Elsewhere  in the  country, the 

This development and the EHV t ransmiss ion  makes  i t  possible for 

In the field of t ransmiss ion  we expect the voltages to  go up to 1, 000,000 V, which 
i s  technically feasible even today. Beyond th is  it is difficult to make  predictions. 

The relative sha re  of hydro energy is  going to dec rease  as economic s i tes  a r e  
being rapidly developed in th i s  country, The re  a r e  huge hydro r e sources  available 
in Canada however. In spite of this, it is expected that such regions as the North-  
west, which hitherto has  relied exclusively upon hydro power, wi l l  have to r e so r t  to 
other sources  for energy in the not too distant future. 

The relative sha re  of nuclear energy in the future i s  still being debated, The re  
i s  a gene ra l~agreemen t  that it can compete in a r e a s  of high fuel cost  but recent 
announcements (Oyster Creek) indicate that it has a chance to compete i n  relatively 
low fue l  cos t  areas, such a s  the Midatlantic s ta tes ,  
will be used more  and more.  

Unquestionably nuclear energy 

We heard a lot of talk about various methods of d i rec t  conversion recently. All 
of these pro jec ts  a r e  in experimental  stages and it i s  difficult t o  es t imate  their  future 
influence. 
stations a t  th i s  time. Significant development, either economical o r  technological, 
can  mater ia l ly  change the economic picture of future energy delivery. 

Only the MHD method appears  to be economical in l a rge  s ize  cen t r a l  

The e lec t r ic  utility industry, cont ra ry  to the popular belief, is not without v igor -  
ous competition with other types of fuels. 
c r e a s e  their  
t o  be e lec t r ic  space heating. Their  approach of promoting load growth and thereby 
decreas ing  the cost of supply, a s s u r e s  that electricity will  continue its strong tech-  
nological and economic development well into the future. 

They a r e  vigorously campaigning to in- 
load and one of the brightest  a r e a s  in  the i r  competitive picture appears  

The speaker wishes to expres s  appreciation to Mr. Zoltan Csukonyi of the 
Bechtel  Corporation f o r  h i s  invaluable work in the preparat ion of th i s  paper.  
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' d i l . l i ~ i m  A. Vogeb 

Di-+-isLo!i of Scommic AnalJ-sis 
Burfhu of Xines 

U.S. Ceparfxent of 1,k I n t e r i o r  

The p a t t e r n  of Clow~ of ener,g tkrough t.he economy of t h e  United S ta tes  is  a n  
w e r  ?hanging one. Wsjor s h i f t s  i n  sources of e n s r ~ y  and i n  t h e  uses  t o  v1:ich 
encr-9 i s  put I-eve occurred si.nce the beginning ol" our i n d u s t r i a l  e c o n m .  
paper i s  l imited t o  an ex&?ination of the post-war p e r i d .  With.i.n t h i s  decade and 
8 k a l f  (19h7-1962) there were f a c t o r s  which created a very d i f f e r e n t  s e t  of e n e r a  
flow2 fo r  1962 from t h a t  of 1.947. 
concerning t.hem u i l l  be presented, and projecti .ons t o  1380 uf t h e  p a t t e r n  w i l l  be 
made. Such zn ana1ysj.s should serve a s  a u s e f d  frame of reference f o r  papers 
deal ing wi t h  specifi-c energy SOLU-ccs. 

T h i s  

These changes w i l l  be examined, hypotheses 

Two v i e w s  of t h e  energy econoxj are presented i n  t a b l e s .  The f i r s t  shows t o t a l  

Pro jec t ions  t o  1980 zre given 
The c o n c l t i d i ; ~  porti.on o C  t h i s  paper presents  8 t e n t a t i v e  hypothesis 

energy resource consumption by cousuming s e c t o r  by source. 
resource cons.mption by consuming s e c t o r  by funct ion.  
f o r  each view. 
concerning competition among energy sources and energy t rends.  

Vie second shows e n e r w  

Energy Consumption by Supplying and Consuming Sector  

Tables 1 through 4 present  energy balances by supplying and consuming sectors  
f o r  selected years .  His tor ica l  
da ta  arc avai lab le  for selected years covering t h e  e n t i r e  per iod 1947-1962 i/ but  the 
t rends a r e  r e l a t i v e l y  smooth and a good p i c t u r e  can be obtained by examining the 
years  I have chosen t o  include i n  t h i s  repor t .  

Tables a r e  presented f o r  1947, 1955, 1962, and 1980. 

Major s h i f t s  i n  energy consumption by f u e l  source have occurred between 19k7 and 
1962 (see  Figure 1). 
e n e r a  i n  1947, dropped t o  21 percent by 1962. 
r e l a t i v e  drop, decl ining from 4 percent  t o  l e s s  than 1 percent .  
a s  a source was o f f s e t  by increases  i n  use of petroleum and n a t u r a l  gas .  These 
s h i f t s  a r e  c l e a r l y  r e f l e c t e d  i n  t h e  p a t t e r n  of growth r a t e s  by sources w e r  t h i s  
per iod.  
percent  over t h e  per iod.  Bituminous coa l  and l i g n i t e  showed an average r a t e  of 
dec l ine  of t h e  same amount, 2.5 percent .  
7.5 percent .  
sec tor  was n a t u r a l  gas, showing an annual growth r a t e  of 8 percent,  while petroleum 
showed an annual growth r a t e  of 4.25 percent .  

Bituminous coal  and l i g n i t e ,  which supplied 44 percent of the 
Anthraci te  shared an even g r e a t e r  

The decl ine of coal  

Tota l  energy consumption increased a t  an annual r a t e  of growth of 2.5 

Anthraci te  declined a t  an annual r a t e  Of 
Hydropower increased a t  a 2-percent r a t e .  The most rap id ly  growing 

The s h i f t s  between t h e  r e l a t i v e  s i z e  of the consuming s e c t o r s  w a s  a l s o  marked 
( see  Figure 2) .  . When e l e c t r i c i t y  i s  not d i s t r i b u t e d  t o  t h e  other  t h r e e  consuming 
sec tors  (compare tab le  1 with t a b l e  3), t h e  i n d u s t r i a l  and t ranspor ta t ion  sec tors  
decl ined i n  r e l a t i v e  importance while households increased s l i g h t l y ,  bu t  t h e  major 
ga in  vas recorded by e l e c t r i c  generation. 
o ther  t h r e e  consuming sec tors ,  the  p i c t u r e  changes a l i , t t l e .  
commercial sec tor  now shoiis a 7-point increase i n  i t s  r e l a t i v e  s i z e ,  with both 
i n d u s t r i a l  an6 t ranspor ta t ion  t ieclining ( see  t a b l e s  7 and 13 ) .  

When e l e c t r i c i t y  i s  a l l o c a t e d  back t o  t h e  
The household and 

1,' tjiorrison, b/. 2. 3imxary &er= %lances f o r  t'ie Lhited States--Selected Years 
United S ta tes  Department of t h e  I n t e r i o r ,  Bureau of Mines, Information - 

1947-1.952. 
Circular  8242 - 
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Bituminous coal and l i g n i t e  and a n t h r a c i t e  declined a s  energy sourcesbecallse 
they  v i r t u a l l y  l o s t  t w o  major markets. 
percent ,  respect ively,  of t h e  household and commercial and t ranspor ta t ion  markets. 
By 1962 i t s  share  of these  markets had dropped t o  8 percent  of t h e  household and 
commercial market and was n e g l i g i b l e  i n  t h e  t ranspor ta t ion  market. 
suffered a severe dec l ine  i n  t h e  share  of the  i n d u s t r i a l  market, from 57 t o  32 
percent .  
generat ing p l a n t s  suf fe r ing  a r e l a t i v e p j  minor dec l ine  from 71 t o  64 percent .  
because fuel-generated e l e c t r i c i t y  increased from 67 percent  t o  79 percent of t o t a l  
u t i l i t y  generat ion Over t h e  per iod,  c o a l ' s  sl-.are of t h i s  t o t a l  a c t u a l l y  increased 
from 47 t o  jo percent .  

I n  1947, coal  accounted f o r  50 and 34 

Coal a l s o  

The same t i m e  it almost held i t s  own i n  supplying fuel-burning electric 
But 

The source of t h e  growth i n  na tura l  gas was apparently i n  a l l  sec tors .  Its 
share increased from 17 t o  44 percent  i n  the household and commercial sec tor ,  from 
23 t o  42 percent  in  t h e  i n d u s t r i a l  sec tor ,  and from 13 t o  28 percent i n  t h e  fue l -  
burning e l e c t r i c  generatin& s e c t o r .  Petroleum a l s o  increased i t s  shares  i n  t h e  
household and commercial ~ n d  i n d u s t r i a l  markets and t ranspor ta t ion  but  showed a 
dec l ine  i n  t h e  fuel-burning e l e c t r i c  generating market. 

Energy Consumption by r'unction and Sector  

A breakdown of energy consumption by funct ion and consuming s e c t o r  is contained 
i n  t a b l e s  5 through 1 4  f o r  t h e  same years .  
d a t a  f o r  eech year a r e  presented,  and then a percentage d i s t r i b u t i o n  by funct ion and 
by sec tor  fol lows.  One of t h e  h ighl ights  of t h i s  ana lys i s  i s  t h e  r e l a t i v e  s t a b i l i t y  
of t h e  d i s t r i b u t i o n  of uses  of energy. The t a b l e s  show, f o r  example, t h a t  nonenergy 
uses have increased only from 4 percent  of t h e  t o t a l  i n  1947 t o  5 percent of the 
t o t a l  i n  1962. 
e l e c t r i c i t y .  
with a s h i f t  a l s o  between self-generated and u t i l i t y  e l e c t r i c i t y .  

These t a b l e s  a r e  arranged s o  t h a t  t h e  

The s h i f t  t h a t  occurred was a s h i f t  t o  consumption of energy a s  
Here we see a change from 15 percent  i n  1947 t o  21 percent  i n  1962, 

The series of t a b l e s  on energy use by funct ion a r e  of most  value when one turns  
t o  t h e  competit ive p o s i t i o n  of t h e  var ious competing f u e l s .  
t h i s  po in t  a f t e r  we take  a look a t  t h e  f o r e c a s t s  for 1980. 

We w i l l  come back t o  

Forecasts  f o r  1980 

The f0recast .s  f o r  1980, a s  presented i n  t a b l e s  f o r  t h a t  year, were made under 
c e r t a i n  assumptions. These include no major change i n  our i n t e r n a t i o n a l  r e l a t i o n s ,  
an annual r a t e  of growth of 4 percent  i n  GPP and 1.6 percent  i n  population, 
s t a b i l i t y  of the  r e a l  cos t  of t h e  primary energy sources both r e l a t i v e  t o  each other 
and t o  the  general  l e v e l  of commodity cos t ,  a continuation of an evolutionary . 
technology r a t h e r  than a revolut ionzry one, t h e  assumption of adequate suppl ies  
e i t h e r  domestic or imported t o  meet demands, and f i n a l l y ,  t h e  acceptance of t h e  
Federal  Power Commission and t h e  Atomic Enerm Cmmission forecas t  t h a t  i n s t a l l e d  
e l e c t r i c  generation capaci ty  i n  nuclear p l a n t s  w i l l  reach 70,000 megawatts by 1980. 

These foreczs ts  were made a f t e r  an intensive examination of t rends indicated 
by t h e  energy balances. 'Rie magnitude of expected e r r o r  increases  a s  one moves 
from t h e  t o t a l  e n e r a  to t h e  energy by consuming sec tor  t o  t h e  energy by supplying 
source.  The l a t t e r  has always been t h e  most e r r a t i c  and can be expected t o  hold 
the major surpr i ses  i n  t h e  f u t u r e .  Project ions m d e  here ,  it should be understood, 
nre based upon the  expl ic i t ,  assumption of no major new technological  breakthroughs 
except nuclear  energy. 



It should be emphasized t h a t  fo recas t s  made i n  t h e  context of a t o t a l  enerey 
balance, and based upon r e l a t i v e l y  general  i nd ica to r s ,  a r e  not necessar i ly  the  
b e s t  fo r  any given type of f u e l .  
specif ic  fue l s ,  and my results a r e  higher than t h e  genera l  consensus f o r  some f u e l s  
and lower f o r  others .  
expected v a r i a b i l i t y ,  on t h e  order of p lus  o r  minus 30 percent .  
these  fo recas t s  developed i n  t h i s  paper should not be in t e rp re t ed  a s  an a l t e r n a t i v e  
t o  specif ic  f u e l  fo recas t s  made by others ,  bu t  should bc used i n  t h e  context of an 
ana lys i s  of energy source s h i f t s  and t h e  impact of such s h i f t s  on a given f u e l .  
The k i n d  of ana lys i s  involved, looking a t  energy a s  a single commodity, i s  but  one 
of many types  t h a t  can be made. 
analysis ,  and should be in t e rp re t ed  within t h e  context of t he  methodology, r a t h e r  
than as  f i r m  fo recas t s  f o r  planning. 

There i s  a wide range of competent forecasts  f o r  

The s p e c i f i c  f u e l  fo recas t  contains t h e  h ighes t  degree of 
For t h i s  reason, 

D.e fo recas t s  a r e  a result of t h i s  system of 

The methodology of the  fo recas t  involved p ro jec t ion  of l e a s t  square t rends  of 
h i s t o r i c a l  da t a  and co r re l a t ion  between these  _data and o ther  i nd ica to r s .  

An i n i t i a l  estimate was made of the r a t e  of growth of t o t a l  energy consumption 
by sec to r  by co r re l a t ing  t h e  var ious  sectors  with general  economic indicators .  The 
ind ica to r s  used were GNP ( f o r  t o t a l  energy), population ( f o r  t h e  household and 
commercial s ec to r ) ,  a composite va r i ab le  cons is t ing  of new construction, producer, 
durable and personal consumption expenditures ( f o r  t h e  i n d u s t r i a l  s ec to r ) ,  and GNP 
( f o r  t he  t r anspor t a t ion  sec to r ) .  
advisory committee r epor t  (No. 21) for t h e  National Power Survey of t he  Federal 
Power Commission. From t h i s  analysis ,  estimates of t o t a l  consumption and of 
consumption by consuming sec to r  were determined. 
t o  e n e r a  sources by subjec t ing  t h e  l e a s t  squares pro jec t ions  of each source t o  
ana lys i s  and judgment based on knowledge of t h e  energy i n d u s t r i e s  and markets, 
consensus of ou ts ide  experts,  and examination of o ther  func t iona l  energy forecasts .  

The e l e c t r i c  u t i l i t i e s  s ec to r  was taken f r m  an 

These markets were then a l loca ted  

The fo recas t  shows t h a t  energy i s  expected t o  grow a t  an annual r a t e  of 3.2 
percent,  considerably above t h e  h i s t o r i c a l  r a t e  of 2.5 percent.  
household and commercial a r e  expected t o  grow a t  faster rates than  during the 
h i s t o r i c a l  period. 
compared t o  an h i s t o r i c a l  1 percent;  t ranspor ta t ion ,  3.5 percent a s  compared t o  
1.75 percent; and e l e c t r i c i t y ,  5.5 percent as compared t o  5 percent .  

A l l  sectors  except 

The i n d u s t r i a l  growth is  expected t o  be  2 percent  p e r  annm a s  

From t h e  poin t  of view of sources of supply, some major s h i f t s  a r e  indicated.  
Bituminous coal,  which showed an average dec l ine  of 2.5 percent  i n  t h e  h i s t o r i c a l  
period, i s  expected t o  revcrse  i t s e l f  and increase  a t  a rate of 2.4 percent.  
Petroleum and na tu ra l  gas a r e  expected t o  show a decl ine  i n  growtin r a t e  t o  r a t e s  of 
3.0 and 3.5 percent,  respec t ive ly .  Hydroparer i s  expected t o  continue a 2-percent 
groKth rate, and an th rac i t e  w i l l  continue t o  dec l ine  but a t  a slower r a t e ,  about 2 
percent a year .  
within a couple of years,  is  nuclear energy. It is expected t o  grow from a 
negl ig ib le  proportion of t h e  market i n  1962 t o  supply almost 5 percent of t h e  t o t a l  
energy market by 1980. 
year .  

The major new element coming i n t o  t h e  p i c tu re ,  becoming s i m i f i c a n t  

This represents  an annual r a t e  of growth of 34 percent pe r  

Competition Between Energy Sources 

Given today ' s  technology, t he re  a re  apparently t w o  s e c t o r s  of energy consumption 

This i s  e s s e n t i a l l y  the  bo i l e r -  
f o r  which fue l s  compete on a p r i ce  bas i s .  
and t h e  o ther  hea t  por t ion  of t h e  i n d u s t r i a l  s ec to r .  

These a r e  t h e  e l e c t r i c  generation sec to r  

* .  
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f u e l  market - It i s  no t  an i n s i g n i f i c a n t  one. 
energy market and by lgC0 it  i s  expected t o  be 56 percent. of t h a t  market. 
t h e  in t roduct ion  of gas by p i p e l i n e  imto t h e  major r e s i d e n t i a l  market., t h e  household 
and c o m e r c i a l  scc:t.or was considered a competitive m a r k e t  f o r  fuels. O i l  and coa l  
were competi.ng w i t h  2ach o t h e r  fo r  t h i s  market. However, t h e  major technological 
breakt.hroiig!i represented by t h e  high-pressure large-diameter p ipe l ines  which brou&t. 
g a s  t o  m a r k e t s  quickly a l t e r e d  the  p i c tu re .  
i n  1947 had increased i t s  sha re  t o  44 percent by 1362 and, even fu r the r ,  i s  expected 
t o  increase  i ts  share t o  58 percent  by 1980. 
market met by energy i n  t h e  form of f u e l  i s  t h e  province of p e t r o l e m  and n a t u r d  
gas .  Cool i s  out for  reasons t h a t  have l i t t l e  t o  do  with p r i ce .  The transportati .on 
m a r k e t ,  with d i e s e l i z a t i o n  of t h e  r a i l roads ,  became t h e  sole province of petroleum, 
although n a t u r a l  ens used i n  p ipe l ine  t r anspor t a t ion  represents  a small but  
s i g n i f i c a n t  percentage of t h i s  market. 

I n  1962 i t  was 53 percent of ttie t o t a l  
P r io r  t o  

Natural  gas which supplied. l 7 ' pe rcen t  

Today's househo1.d and commercial 

Iiowever, t h e  growtb of e l e c t r i c i t y  i s  p lac ing  both t h e  household and indus t r i a l  
markets t o  some degree aga in  i n  a Yonpetit-ive pos i t i on .  
commercial market,obtained 30 percent of i t s  energ.  by e l e c t r i c i t y .  By 1362 t h i s  
had grown to  36 percent. and i t  i s  pro jec ted  t o  grow t o  almost 50 percent by 1980. 
The genera t ion  of e l e c t r i c i t y  is  a competitive f u e l  market. 
recognizable i n  tbe i n d u s t r i a l  market, which go t  16 percent  of i t s  energy from 
e l e c t r i c i t y  i n  .191;7, 20 percent  i n  1962, and a pro jec ted  27 percent  i n  1380. Thus, 
technology, while c los ing  some markets t o  competition through a highly e f f i c i e n t  
producti.on function i n  which t h e  cos t  of fuel becomes a minor consideration, i s  also 
re turn ing  o ther  markets t o  competition by switching t o  an  energy form which can be 
supplied competit ively from any of t h e  source mater ia l s .  

I n  1347 t h e  household and 

A s imi l a r  t rend  i s  

A Tentative Hypotbesis 

Major s h i f t s  have occurred among t h e  sources o f  energy j n  the  United S ta t e s  
economy. These s h i f t s  have been described i n  the previous por t ions  of t h i s  paper. 
The s h i f t s  between sources have been of much g r e a t e r  magnitude than  t h e  s h i f t s  i n  
t o t a l  energy consumption %y sec to r .  Therefore, i t  i s  obvious t h a t  t h e  explanation 
fcr t h e  changing demands for a s p e c i f i c  mineral  source must l i e  i n  i t s  subs t i t u t ion  
by another energy source r a t h e r  than t h e  changi r i  s t ruc tu re  of t h e  market i t s e l f .  
What a r e  t h e  determinants of t h i s  subs t i tu t ion?  "his i s  the  fundamental question 
i n  analyzing t h e  demand f o r  a spec i f i c  energy ma te r i a l  and one upon which I want 
t o  venture a t e n t a t i v e  hypothesis.  

The theory of market demand a s  developed by economists sees t h r e e  kinds of 
fo rces  opernt.ing on t h e  denand f o r  a commodity. These are t h e  s t ruc tu re  of tas te  
of consumers, t h e  level of income of consumers, ana t h e  r e l a t i v e  p r i c e s  of t h e  
comodi t i eE .  Given these  t h r e e  f ac to r s ,  one can ccns t ruc t  a demand func t ion  f o r  t h e  
commodity i n  concern. Such a function, assuming a given t a s t e ,  w i l l  t e l l  you by 
how much t h e  a c t u a l  quan t i ty  demanded of a commodity w i l l  change i f  incomes change 
and i f  p r i c e s  change. I n  t h e  case of a raw mater ia l ,  t h e  demand function i s  
der ived  from t h a t  of t h e  f in i shed  commodity, and i s  a h n c t i o n  of t h a t  demand.and 
r e l a t i v e  p r i c e .  
i n  OW economy. 1 k n m  berause I have t r i e d  i t .  ???is f a i l u r e  of t r a d i t i o n a l  
economic theory t o  expla in  the s h i f t i n g  p a t t e r n s  has caused me t o  put  forward an 
a l t e r n a t i v e  hypothesis. This  hypothesis b r i e f l y  s t a t ed  i s  a s  follows: The sh i f t i ng  
denands Sor energy source m a t e r i a l  a r e  explained by t h e  changing production 
func t ions  i n  t h e  consuming sectors,  t h a t  is ,  by technological changes i n  t h e  
consuming sec tors .  

Such a n  ana lys i s  simply does not work for t h e  energy raw materials 
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This hypothesis holcis t h a t  a new technology i n  a consuming sec to r  i s  very l i k e l y  
t o  be of such a na ture  t h a t  t h e  energy commodities are not s u b s t i t u t e s  within it. 
production func t ion  is  chosen which requi res  c e r t a i n  c h a r a c t e r i s t i c s  Of t he  energy 
source, bu t  tile c o s t  of t h e  energy meeting these  c h a r a c t e r i s t i c s  was probably of very 
minor o r  negl ig ik le  importance i n  t h e  design of t h e  t o t a l  p r d u c t i o n  function. For 
example, t he  d i e s e l i z a t i o n  of t h e  r a i l roads  c l ea r ly  was not made t o  save f u e l  cos t .  
Coal l o s t  the r a i l road  market because t h e  e n t i r e  production function of providing 
motive pa re r  f o r  r a i l roads  changed. The ent i re  c m l e x  of s e rv i ce  was cheaper from 
diesel-parered locomotives t h a t  from steam-power& locomotives. On an energy bas i s  
alone, t h e r e  i s  no evidence t h a t  t h e  f u e l  cos t s  a r e  any cheaper. The other cos t s  
simply outweighed t h e  f u e l  c o s t s  i n  t h e i r  e n t i r e t y .  
comerc ia l  market which coal  h n s  a l s o  l o s t ,  we f'ind t h a t  t h e  develo2ment of' t h e  
technology of trbncmission of gzr, and t h e  development o f  t h e  automatic furnace 
toge ther  forced coa l  out of t h i s  m r k e t .  The space saving, c leanl iness ,  and 
convenience f ea tu res  were and Ere overwhelming. 
here, we  would see the  r a t e  of gas pene t ra t ion  slowing, s ince t h e  p r i c e  of gas has 
been r i s i n g  s t ead i ly  r e l a t i v e  t o  o ther  f u e l s  f o r  t h e  l a s t  20 years .  
case.  Once again t h e  technology determines t h e  f u e l  source, and p r i c e  changes 
within the  f u e l  sources themselves cannot reverse  t h i s  commitment. 

A 

If we look a t  t h e  household and 

If p r i c e  of energy- were t h e  f a c t o r  

This i s  not t h e  

To p a r t i a l l y  subs t an t i a t e  t h i s  hypothesis i n  an i n d i r e c t  way, look a t  t h e  
competitive area of t h e  energy market, t h e  so-called bo i l e r - fue l  market. h'ere t h e  
t r a d i t j o n a l  economics apparently do apply and coa l  has done w e l l  i n  t h i s  mark-et. 
"he p r i c e  r e l a t i v e s  have favored c o a l  throughout t he  e n t i r e  per icd  and even so, i t  
has l o s t  t h e  major t ranspor ta t ion  and household and commercial markets. 

If rqy hypothesis i s  acceptable,  it means t h a t  ana lys i s  of t h e  subs t i t u t ion  of 
energy sources must be based squarely on t h e  technology of and t h e  r a t e  and 
charac te r  of technological change i n  t h e  consuming sectors .  
upon an ana lys i s  of t h e  ene ra -  sources themselves. This forces t h e  analyst  
i n t e re s t ed  i n  energy i n t o  an ove ra l l  look a t  t h e  e n t i r e  economy and i n t o  the  very 
d i f f i c u l t  a rea  of pred ic t ing  technologic change. 
nevertheless,  I bel ieve,  t r u e .  

It cannot be based 

This is perhaps discouraging bu t  

i 

t 
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TABLE 5.-United States gross consumption of energy by 
function and consuming sector,  1947 

(Tr i l l ion  Btu) 

I Household I I I 
~~~ 

space heat------------------ 
Other heat------------------ 

Total  heat------------- 

Utility electricity--------- 
Self -gene rated electricity-- 

Total electricity------ 

Function 

94 439 4,527 -- 10,462 12 , 916 
3 , 994 
2,454 
6,448 94 10,901 17,443 

2,880 70 1,447 4,397 
0 0 732 732 

2,880 70 2,179 5,129 

Total 
flmction I Transportation Industrial  I 

Household I I 

1/ Par ts  do not add t o  t o t a l  because miscellaneous category l e f t  out; about 2% of 
t o t a l ;  544 i n  1947. 
- 

Total 
function I c mere and i a l  I Transportation I Industrial  I 
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Total electricity------ 

Non-energy uses------------- 

Total sector----------- 

Motive use------------------ 

TABLE 7.-Percent distribution of gross consumption of energy 
by each function by sector, 1947 

4,393 46 3,008 7,447 

9,733 --- 9,733 
615 --- 1,090 1,705 

--- 

13,018 9,883 16,100 39,956,1/ 

Total 
Transportation Industrial function 

2 10 100 
0 81 100 

- l/ Parts do not add to total because miscellaneous category left out; 2$ of total 
in 1947. 

TABLF: 8.-united States gross consumption of energy 
by function and consuming sector, 1955 

(Trillion Btu) 

Household 

commercial 
Total 

Transportation Industrial I function 

104 532 5,623 --- 11,470 14,493 
4,987 
3,023 
8,010 104 12,002 20.ll6 

1/ Parts do not add to total because miscellaneous category left out; about 2$ of 
total; 955 in 1955. - 
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Household 

commercial 
ana 

TABLE 9.-Percent d i s t r ibu t ion  of gross consumption of 
energy of each sector by function, 1955 

Total 
Transportation Industr ia l  function ??unction 

I I I I 
1 1 I I 

Total heat------------- 

U t i l i t y  electricity--------- 
Self-generated electr ic i ty--  

Total  electricity------ 

Motive use------------------ 
Non-energy uses--------..---- 

Total  sector----------- 

- 1/ Less than .5$. 
- 2/ Par t s  do not add t o  t o t a l  because miscellaneous l e f t  out; 2% of t o t a l  i n  1955. 

TABLE 10.-Percent dis t r ibut ion of gross consumption of 
energy by each f'unction by sector, 1955 

- 1/ Less than .5$. 
- 2/ Parts  do not add to t o t a l  because miscellaneous category l e f t  out; 2$ of t o t a l  
i n  1955. 
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Household 
and 

ccamnercial Transportat ion I n d u s t r i a l  

TABLE 11.-United S ta t e s  gross  consunption of 
energy by . func t ion  and consuming sec tors ,  1962 

( T r i l l i o n  Btu) 

Total  
function 

Function 
Total  

Household 
and 

commercial function 

TABLE 12.-Percent d i s t r ibu t ion  of gross consumption of energy 
of each sec tor  by function, 1962 

Function 
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Function 

I 

- 1/ P a r t s  do not  add t o  t o t a l ;  miscellaneous category not  included; 2.6$ of t o t a l .  
- 2/ Less than .5$. 

I 

Household 

commercial Transportat ion I n d u s t r i a l  function 
and Tota l  

TABLE lk.-United S ta t e s  gross consumption of energy by funct ion 
and consuming sec tors ,  1980 

( T r i l l i o n  Btu)  

15,979 150 17,253 33,382 

0 0 1.108 1,108 

.________I__- 
. ~ -  

17,504 70 6,807 24,381 
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TABLE 15.-Percent d i s t r i b u t i o n  of gross consumption of energy 
of each sec to r  by function, 1980 

Household 
and 

commercial 

28 
17 

45 

49 -- 

I I 
Total  

1 I 3a 

To ta l  e lectr ic i ty------  49 - 1/ 27 30 

0 99 0 25 
6 0 13 7 

I 100 I 100 I 100 I 100 

- 1/ Less than .5$. 

TABLE 16. -Percent d i s t r i b u t i o n  of gross consumption of energy 
by each func t ion  by sector ,  1980 

I 41 
To ta l  sector----------- 25 I 34 

100 

- 1/ Less than .54. 
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THE mILIZATION OF COAL 

J. D. Clendenin 

Applied Research Laboratory 
United S ta t e s  S tee l  Corp. 
Monroeville, Pa. 151k6 

.ABSTRACT 

A br ie f  survey i s  presented of current and prospective u t i l i z a t i o n  of 

coals,  including l i g n i t e ,  (1) i n  the  production of metallurgical,  chemical and 

spec ia l ty  cokes, ( 2 )  as f u e l  f o r  process steam, space and home heating, locomotives 

and sh ip  bunkers, (3) i n  t h e  manufacture of i n d u s t r i a l  producer gas and gas f o r  

chemical synthesis,  (4) as f u e l  i n  cement and lime k i l n  f i r i n g ,  (5)  a t  s t e e l  and 

r o l l i n g  mills and (6) i n  a v a r i e t y  of spec ia l ty  and/or non-fuel uses, including 

i n d u s t r i a l  carbons, a c t i v e  carbon, f i l l e r s ,  f i l t e r  a ids  and media, water treatment, 

j 

r 

foundry facing, road bui ld ing ,  roofing and coating applications,  barbecue briquets,  

f e r t i l i z e r  and s o i l  conditioner,  coal-based p l a s t i c s ,  etc.  

Insofar as  poss ib le ,  information is  presented on process and product 

research and other developments t h a t  may a f f e c t  coal u t i l i z a t i o n ,  favorably or 
// 

unfavorably, i n  t he  a reas  c i ted .  Since economics of coa l  u t i l i z a t i o n  cannot 

be divorced from economics of  coa l  supply and t ranspor ta t ion ,  these  a re  touched 

upon b r i e f l y  although they  a r e  subjec ts  of separate presentations i n  the  Symposium. 
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UTILIZATION OF PETROLEUM AND PFTROLEUM 

John M. Ryan 

Standard O i l  Company (N. J. ) 
General Economics Department 

New York, New York 

Petroleum has been u t i l i z e d  by man throughout most 
An anc ien t  Babylonian t a b l e t  reports,  f o r  example, t h a t  

PRODUCTS 

of h i s  s t a y  on t h i s  planet.  
Noah calked h i s  Ark with 

bitumen. 
h i s tory(3) .  
qu i te  scarce and i t s  consumption was l imi ted .  

This s to ry  suggests t h a t  petroleum w a s  used before  the  advent of recorded 
Up u n t i l  f a i r l y  recent  times, however, crude o i l  and i t s  products were 

I n  the  m i d - l 8 0 0 ' s ,  t h e  o i l  indus t ry  as we now know it  emerged. This develop- 
ment w a s  made poss ib le  when Colonel Drake improved t h e  technology then i n  use f o r  
d r i l l i n g  salt wel l s  and d r i l l e d  ins tead  f o r  o i l  i n  1859. The Drake w e l l ,  which was 
the  first wel l  de l ibe ra t e ly  d r i l l e d  f o r  o i l ,  w a s  successfu l  and resu l ted  i n  produc- 
t i o n  of e i g h t  t o  t e n  b a r r e l s  of o i l  a day. 
widespread use, crude o i l  production rose rap id ly  and during the  next year t o t a l  
doraestic crude o i l  production w a s  500,000 barrels. One year  l a t e r  over two mill ion 
b a r r e l s  were produced. The c o s t s  of crude o i l  declined sharply as production rose, 
and petroleum u t i l i z a t i o n  increased rap id ly .  

As Colonel Drake's approach came i n t o  

The broad expansion of o i l  markets t h a t  came about after 1859 w a s  made possible 
by many f a c t o r s  including: (1) high and r i s i n g  p r i c e s  f o r  animal and vegetable 
o i l s ,  ( 2 )  a r ad ica l ly  improved technique of explora t ion  and production, and ( 3 )  
improved techniques of u t i l i z a t i o n .  This experience i l l u s t r a t e s  t h e  f a c t  t h a t  the  
u t i l i z a t i o n  of petroleum i s  the r e s u l t a n t  of a w i d e  v a r i e t y  of fo rces  which 
u l t imate ly  make themselves f e l t  i n  the  market p lace .  
however, i s  qu i t e  f r a g i l e  and changes i n  the underlying fo rces  l ead  t o  continued 
and sometimes rapid s h i f t s  i n  u t i l i z a t i o n  pa t t e rns .  Hence, i n  d iscuss ing  u t i l i z a -  
t ion,  it i s  not s u f f i c i e n t  t o  consider e x i s t i n g  o r  p o t e n t i a l  technology of o i l  con- 
sumption alone. It i s  also necessary t o  ind ica t e  t h e  e f f e c t s  of p o t e n t i a l  changes 
i n  supply and of new competitive fo rces .  
t a in ,  a t  l e a s t  impl ic i t ly ,  s m e  assumptions about fu tu re  supply and competing 
technology as these f a c t o r s  can have important consequences today. Thus an  an t ic -  
ipated shortage of a p a r t i c u l a r  form of energy some years  i n  the  f u t u r e  l eads  con- 
sumers t o  begin searching f o r  ways t o  economize i n  the  use of the resource o r  t o  
convert t o  a l t e r n a t e  sources today. Producers begin t o  look f o r  new supplies o r  
t o  improve methods of producing known depos i t s .  
search f o r  ways t o  subs t i t u t e  t h e i r  products f o r  the  one i n  shor t  supply. All of 
these a c t i v i t i e s  tend t o  de lay  o r  t o  prevent an  a c t u a l  s ca rc i ty .  

The equilibrium achieved, 

Any p ro jec t ion  of  u t i l i z a t i o n  must con- 

Producers of competing f u e l s  

This po in t  i s  we l l  i l l u s t r a t e d  i n  the case of petroleum. The rapid r i s e  i n  

I n  
crude o i l  production after the Drake discovery l ed  t o  increas ing  f e a r s  t h a t  the  
industry would be unable t o  continue meeting the  demands being made upon it, 
1909, when the  indus t ry  w a s  a mature ha l f  century old, t he  U. S. Geological Survey 
expressed the f e a r  t h a t  t he  na t ion ' s  petroleum resources would soon prove inad- 
equate t o  meet the  needs of indus t ry  and suggested f u r t h e r  t h a t ,  i n  t h e  f ace  of 
approaching scarc i ty ,  petroleum should be l i m i t e d  t o  uses where the re  were no 
reasonable s u b s t i t u t e s  such as lub r i ca t ion  and i l lumina t ion(  5 ). 
of geological techniques t o  the  o i l - f ind ing  process around the t u r n  of t he  century, 
however, eventua l ly  usheEd i n  a new e r a  of o i l  discovery which prevented the  an t ic -  
ipated sca rc i ty  from developing. 

"he introduction 
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The rapid acceptance and growth i n  the  u s e  of the  automobile l e d  t o  a n  even 
greater demand on resources and the  c r y  of forthcoming shortage was again heard 
through t h e  land. A l ead ing  professor  of engineering here i n  Michigan typ i f ied  
t h i s  view when he s t a t ed  i n  1920 t h a t  the  gasoline powered vehic le  would have t o  
be abandoned by 1940 at  the  latest because of a shortage of petroleum(1). The 
subsequent in t roduct ion  of geophysical techniques and t h e i r  gradual improvement 
ushered i n  an era of d i scove r i e s  so  great, however, t h a t  within a f a i r l y  sho r t  
period overproduction, not shortage, became the  major problem. 

1 

!The f o r e c a s t s  of shortage j u s t  c i t e d  w e r e  not i so l a t ed  events. Competent 
a u t h o r i t i e s  have fo recas t  impending s c a r c i t y  almost since the incept ion  of t h e  o i l  
indus t ry .  The important p o i n t  i s  t h a t  the  t h r e a t  of s ca rc i ty  SO stimulated research 

, t h a t  shortages w e r e  e f f e c t i v e l y  f o r e s t a l l e d .  Furthermore, research w a s  continuing 
simultaneously on a wide v a r i e t y  of subs t i t u t e s ,  which could conceivably have f i l l e d  
the  gap, a t  no dramatic increase  i n  cos t ,  i f  o i l  resources h a d  not kept pace with 
requirements. Developments i n  these areas have influenced u t i l i z a t i o n  a t  l e a s t  as 
much as have technica l  improvements i n  the  consumption of energy. 

TECHNOLOGY OF PETROLEUM UTILIZATION 4 

with  
most 

I n  reviewing present  and p o t e n t i a l  u t i l i z a t i o n  pa t te rns ,  it i s  use fu l  to  begin 
t h e  cur ren t  s t a t e  of consuming technology and the  developments which appear 
l i k e l y  t o  occur i n  the nea r  term fu tu re .  This technology enables us t o  make a 

reasonable estimate of the  demands which w i l l  be made on resources over t he  period 
of a decade o r  two. Using our present  knowledge of the na t ion ' s  resources we can 
then  determine whether o r  not t he  demand pa t t e rn  appears reasonable and, i f  not, we 
can a d j u s t  it as necessary. 

I n  the  longer  term f u t u r e  our a b i l i t y  t o  p r e d i c t  is  increasingly inaccurate, 
and w e  do not have a c l e a r  p i c t u r e  today of t he  technology o r  t h e  resources which 
w i l l  be ava i l ab le  more than about twenty years  from now. The repeated groundless 
f e a r s  of shortage i n  t h e  p a s t  i nd ica t e  that it is  probably unwise t o  determine 
capital budgets, formulate research  policy,  o r  even e s t a b l i s h  na t iona l  p o l i c i e s  on 
t h e  b a s i s  of developments which are an t i c ipa t ed  more than  twenty years or so i n  the 
fu tu re .  Longer range f o r e c a s t s  serve t o  ind ica t e  p o t e n t i a l  t rouble  spots  which 
should be watched, bu t  they do not serve as a r e l i a b l e  guide f o r  po l i cy  today. 

, 

I n  p ro jec t ing  fu tu re  demand p a t t e r n s  it i s  a l s o  necessary t o  make some 
e x p l i c i t  o r  imp l i c i t  assumptions about t he  r e l a t i v e  p r i c e s  of f u e l s .  For the  
p re sen t  we s h a l l  assume t h a t  r e l a t i v e  p r i c e s  w i l l  be unchanged f o r  the  foreseeable 
fu tu re .  
whether t he re  are f a c t o r s  which would make petroleum increas ingly  cos t ly  r e l a t i v e  
t o  competing f u e l s  and which would hence necess i t a t e  a modification of t he  projec- 
t i o n .  

Subsequently w e  s h a l l  inqui re  whether t h i s  assumption i s  reasonable o r  

Transportation 

I n  t h e  United S ta t e s  approximately 50 p e r  cent  of a l l  t he  o i l  consumed i s  used /- 

' i n  t h e  t ranspor ta t ion  sec tor .  O i l  has over 90 p e r  cent of t h i s  market. Abroad, 
these  percentages are probably. somewhat lower, but they are not r ad ica l ly  d i f f e r e n t  
f r o m  t h e  l e v e l s  preva i l ing  i n  the  U. S. 
market share, i t s  growth i n  t h i s  market i s  e s s e n t i a l l y  l imi ted  to the ove ra l l  growth 

Since o i l  cannot increase appreciably i t s  

. i n  t he  t ranspor ta t ion  sec to r .  

There are a w i d e  v a r i e t y  of technological developments which could have an 
impact on the  t ranspor ta t ion  market. For personal  t ranspor ta t ion ,  however, t he re  
appears t o  be l i t t l e  t h r r a t  t o  t h e  hydrocarbon powered vehic le ,  a t  l e a s t  f o r  the 
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next twenty years. 
powered p i s ton  engine are hydrocarbon engines themselves. Among these  are the  gas 
turbine; t he  l ight-weight,  high-speed d i e s e l  engine; t he  s t r a t i f i e d  charge engine; 
t he  f ree-piston engine; t he  S t i r l i n g  engine; and the  NSU rotary combustion engine. 
Based on present  information, none of these  engines p re sen t s  a major t h r e a t  t o  the  
gasoline p i s ton  engine, although highway d i e s e l  use i s  growing. 
t he re  may be some s h i f t  toward the  s t r a t i f i e d  charge and t h e  gas  turb ine  engine. 
None of these changes, however, would ser ious ly  affect  t he  t o t a l  demand for hydm- 
carbons although they might necess i ta te  a s h i f t  away from gasoline toward middle 
d i s t i l l a t e s  i n  the  r e f in ing  process. 

Most of the  devices which might compete with t h e  gasoline- 

I n  the  longer run, 

It i s  poss ib le  that the  ba t t e ry  o r  f u e l  c e l l  may replace the  gasoline p i s t o n  
engine i n  a l imi ted  number of spec ia l  vehic les  pr imar i ly  used for c i t y  driving. 
The p robab i l i t y  of t h i s  development appears qu i t e  s m a l l ,  however. E i ther  device 
would requi re  a technological breakthrough t o  be economic and, even i f  such a 
breakthrough should occur, these  devices probably would not capture a l a rge  segment 
of the p r iva t e  t ranspor ta t ion  market i n  the  foreseeable fu tu re .  Furthermore, a 
workable f u e l  c e l l  has a reasonable p robab i l i t y  of r equ i r ing  hydrocarbons a s  a f u e l .  
For these reasons, it i s  not considered l i k e l y  t h a t  e i t h e r  b a t t e r y  o r  f u e l  c e l l  
powered automobiles w i l l  have a s ign i f i can t  impact on petroleum demand f o r  t he  next 
twenty years although they could a f f e c t  demand i n  the  longer  run. 

Railroads are another segment of t he  t ranspor ta t ion  market i n  which oil i s  
dominant. The r a p i d i t y  with which the  r a i l roads  converted t o  d i e s e l s  following 
World War I1 shows t h a t  s ign i f i can t  changes can take p lace  i n  sho r t  periods of time. 
The major t h r e a t  t o  o i l  i n  t h i s  market i s  e l e c t r i f i c a t i o n .  This t h r e a t  i s  more 
p o t e n t i a l  than r e a l  f o r  the  foreseeable fu ture ,  however, as s u b s t a n t i a l  new e lec-  
t r i f i c a t i o n  p r o j e c t s  probably cannot be j u s t i f i e d  i n  the  U. S. u n t i l  such time as 
ra i l road  mergers and re rout ing  of l i n e s  r e s u l t  i n  h igher  t r a f f i c  density.  
tu rb ines  may u l t imate ly  replace diesels i n  some ra i l road  appl ica t ions  but, i n  any 
event, most of t h i s  market appears t o  be secure f o r  hydrocarbons f o r  a t  least 
twenty years and probably much longer. 

G a s  

I n  the area of marine t ranspor ta t ion  the  major t h r e a t  t o  o i l  comes from nuclear 
energy. 
hydrocarbon engines i n  t h e  U. S. i n  p r iva t e  marine t r anspor t a t ion  over t h e  next 
twenty years, it w i l l  be of growing importance i n  mi l i t a ry  appl ica t ions .  Abroad, 
in t roduct ion  of nuclear energy i n  marine t r anspor t a t ion  w i l l  probably be inh ib i ted  
by c a p i t a l  l imi t a t ions .  

Although it i s  unl ike ly  t h a t  nuclear energy can compete economically with 

The av ia t ion  market appears qu i t e  safe f o r  hydrocarbons i n  the  years ahead. 
The r ap id i ty  with which the  gas turb ine  replaced the p i s t o n  engine i n  t h i s  market 
argues s t rongly  aga ins t  o i l  industry complacency, but t he  technological developments 
i n  the  o f f ing  do not appear t o  be of a nature t o  challenge o i l ' s  dominance of t h i s  
market . 

The f u t u r e  of o i l  i n  the  important t ranspor ta t ion  sec to r  can be readi ly  
summarized as follows: 

1. Because of o i l ' s  overwhelming pos i t i on  i n  the  t r anspor t a t ion  market, i t s  
growth i n  t h i s  area w i l l  be l a rge ly  l imi ted  by the  growth of t h e  market, pa r t i c -  
u l a r l y  i n  the  U. S. The add i t iona l  volumes which w i l l  be consumed i n  t h i s  s e c t o r  
i n  the  U. S. w i l l  be qu i t e  la rge ,  bu t  the  annual average growth r a t e  here w i l l  be 
somewhat lower than the  growth rates ant ic ipa ted  abroad. 

2. There are no new technological developments i n  s igh t  which ser ious ly  
th rea t en  hydrocarbon f u e l s  i n  the  t r anspor t a t ion  market i n  the foreseeable  fu tu re .  
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3 .  There may be s h i f t s  i n  demand away from gasoline toward middle d i s t i l l a t e s  
i n  t h e  U. S., bu t  any such s h i f t s  are expected t o  be gradual and are not expected 
t o  a f f e c t  t h e  ovc ra l l  demand f o r  petroleum s ign i f i can t ly .  

Indus t ry  and Power P lan t  Use 

General indus t ry  and power p l a n t  use cons t i t u t e  a second market for o i l .  
Most of the  petroleum f u e l  supplied t o  t h i s  market i s  i n  the  form of heavy f u e l  
o i l .  I n  the  U. S. o i l  i s  not a major f a c t o r  i n  t h i s  segment. It accounts f o r  
about 7 p e r  cent  of the  steam e l e c t r i c  power p l a n t  f u e l  used by u t i l i t i e s  and about 
13  per cent  of the  manufacturers' hea t  and power market. I n  addi t ion  t o  these  
uses, o i l  w i l l  be of increas ing  importance i n  spec ia l ized  i n d u s t r i a l  uses.  
example, a pound of o i l  can d isp lace  1.6 pounds of coke i n  b l a s t  furnaces  with 
s i g n i f i c a n t  savings. O r e  reduction and f e r t i l i z e r  manufacture a l s o  represent  l a rge  
p o t e n t i a l  markets f o r  o i l .  

For  

The f u t u r e  of o i l  i n  t h e  i n d u s t r i a l  markets of the  U. S. i s  determined by  
f a c t o r s  o t h e r  than technology of u t i l i z a t i o n ,  however. 
heavy f u e l  o i l  is  dec l in ing  as r e f i n e r s  cont inua l ly  improve t h e i r  y ie ld  p a t t e r n s  
and it i s  now equa l  t o  only  about  one ha l f  of domestic consumption. Imports of 
heavy f u e l  o i l ,  which make up t h e  balance, are l i m i t e d  by t h e  O i l  Imports Admin- 
i s t r a t i o n  i n  such a manner t h a t  t h e  t o t a l  domestic supply of heavy f u e l  o i l  has  
been held f a i r l y  constant s ince  t h e  incept ion  of t he  program. It is, of course, 
impossible t o  p r o j e c t  with confidence t h e  import p o l i c i e s  of t he  fu ture ,  bu t  it i s  
clear t h a t  i f  t h e  con t ro l s  l i m i t  t he  supply t o  a fixed level,  as they  have i n  the  
pas t ,  they will serve t o  prevent increased i n d u s t r i a l  o i l  consumption i n  the  U. S. 
as a result of e i t h e r  normal growth o r  of new technology. Furthermore, widespread 
improvements i n  t ranspor t ing  coal w i l l  probably r e s u l t  i n  some f u r t h e r  reduction i n  
d e l i v e r e d  coal p r i c e s  which w i l l  make coa l  more competitive. Abroad, however, 
t he re  i s  qu i t e  a d i f f e r e n t  s tory .  
i ndus t ry  and, for t he  foreseeable fu ture ,  rapid expansion i n  the  generation of 
e l e c t r i c i t y  w i l l  increase  t h e  demand f o r  o i l  desp i t e  probable nuc lear  developments. 
Coal costs w i l l  continue t o  rise in Europe and the re  is  some hope f o r  reducing t h e  
puni t ive  exc ise  taxes  l ev ied  a g a i n s t  heavy f u e l  o i l  i n  much of Europe today. As a 
r e s u l t ,  o i l  should become inc reas ing ly  competitive outs ide  the  U. S. 

The domestic production of 

O i l  w i l l  be increas ingly  important t o  general  

R e s i d e n t i d  and Commercial Consumption 

The r e s i d e n t i a l  and commercial s ec to r  i s  another  major petroleum market. 
Gas dominates t h e  space hea t ing  component, however, and e l e c t r i c i t y  i s  the  major 
factor i n  t h e  a i r  cooling segment. 
--supplies about one t h i r d  of t h e  t o t a l  energy consumed i n  t h i s  market. 

Oil--largely i n  the  form of middle d i s t i l l a t e s  

Oil's share of t he  space hea t ing  market i s  under a t t a c k  by both na tu ra l  gas 
and e l e c t r i c i t y ,  p a r t i c u l a r l y  i n  multi-unit  dwellings. Natural  gas has  accounted 

. f o r  most of the  growth of t h i s  market i n  recent  years bu t  e l e c t r i c i t y  i s  a growing 
t h r e a t  t o  bo th  gas and o i l .  
last year and more wem heated by  e l e c t r i c i t y  than by o i l .  

Fu r the r  t h r e a t s  t o  o i l ' s  p o s i t i o n  i n  t h e  r e s i d e n t i a l  and commercial market are 
posed by research on thermoelec t r ic  hea t ing  and cooling and on gas-fired absorption 
cyc le  combination heating-cooling un i t s .  
strengthened by research on o i l - f i r e d  absorp t ion  cycle u n i t s  and hydrocarbon f u e l  
ce l l s  which can be used t o  supply e l e c t r i c i t y  t o  i n d i v i d u d  residences or  t o  groups 
of consumers i n  l imi ted  areas. 

More new homes were heated by gas than e l e c t r i c i t y  

On t h e  o t h e r  hand, o i l ' s  pos i t i on  i s  being 

A s i g n i f i c a n t  technological. breakthrough would be required before any of these  
p o t e n t i a l  new uses  would be a b l e  t o  al ter u t i l i z a t i o n  p a t t e r n s  appreciably and it 
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i s  not at all c l e a r  today what the  n e t  e f f e c t  on petroleum demand is l i k e l y  t o  be,  
It i s  a l s o  worthwhile t o  note t h a t  given the assumption of adequate resources and 
no s i g n i f i c a n t  changes i n  r e l a t i v e  pr ices ,  there  i s  no overwhelming na t iona l  
urgency f o r  conducting such research a s  f a r  as c i v i l i a n  uses a r e  concerned. 

Total  Petroleum Demand 

Most s tudents  of t h e  petroleum industry are i n  agreement that i f  there  a re  no 
unforeseen technological. breakthroughs by o i l  o r  by competing forms of energy and 
if r e l a t i v e  energy p r i c e s  remain e s s e n t i a l l y  unchanged, petroleum demand w i l l  grow 
i n  the  United S ta tes  at 2 t o  3 per  cent a year over the  next decade o r  two. 
foreign areas, where the  growth p o t e n t i a l  i s  g rea t e r  and where supply i s  l e s s  
l i k e l y  t o  be d i m c t l y  l imited by import controls ,  petroleum demand already exceeds 
t h a t  of the U. S .  and annual growth rates w i l l  be about twice as g rea t  a s  those 
expected i n  the U. S. 

I n  

ADEQUACY OF SUPPLY 

The demand p ro jec t ions  of the  previous sec t ion  are predicated on the assump- 
t i o n  of no change i n  r e l a t i v e  pr ices .  If, however, petroleum resources should 
prove inadequate t o  meet expected demand and i f  p r i c e s  should rise, t h e  fu ture  
demand p a t t e r n s  would diverge from the projected leve ls .  
fore ,  t o  balance projected demand aga ins t  the resources which can be made avai lable  
during the period i n  question. 

It i s  important, there-  

I f  the domestic consumption of petroleum products should grow at the  indicated 
upper l e v e l  of 3 per  cent a year, t o t a l  consumption would exceed 100 b i l l i o n  b a r r e l s  
during the  next twenty years. 
depend on the  adminis t ra t ion of the  import control  program and t h e  amount of na tu ra l  
gas l i q u i d s  produced, bu t  it i s  not unreasonable t o  assume t h a t  t h e  projected demand 
p a t t e r n  implies the production of 70 t o  80 b i l l i o n  b a r r e l s  of domestic crude o i l  
during the next two decades. The domestic industry had not produced qui te  t h i s  much 
o i l  after the  f i r s t  century of i ts existence.  Is it l i k e l y  t h a t  it can produce t h i s  
huge quan t i ty  i n  the next twenty years  o r  are the pessimists,  who feel t h i s  i s  an 
impossible burden, cor rec t?  
volume, can it be done at competitive p r i ces?  
import program, these questions must be answered i n  the a f f i rma t ive  i f  the preceding 
demand p ro jec t ion  i s  t o  be accepted. 

The r e su l t i ng  d r a f t  on domestic resources would 

Even i f  i t  i s  physical ly  possible  t o  produce t h i s  
Given the  assumption of an unchanged - 

One's answer t o  these questions depends on h i s  estimate of the  petroleum 
content of known petroleum rese rvo i r s  and those t o  be discovered during the fo recas t  
period, on t h e  q u a l i t y  of these r e se rvo i r s  and on fu ture  developments i n  techniques 
of production. 

One highly competent a u t h o r i t y  has estimated t h a t  the  domestic industry can 
develop at l e a s t  70 b i l l i o n  b a r r e l s  of reserves i n  the  next two decades from f i e l d s  
which have already been found and from f i e l d s  which w i l l  be found on acreage which 
i s  already p a r t i a l l y  explored and i s  cu r ren t ly  under lease( )+) .  I see no reason t o  
challenge t h i s  view. 
productive sediments are f a r  from explored. 
l e s s  t h n  one f i f t h  of the n a t i o n ' s  p o t e n t i a l l y  productive sediments have been 
explored with any degree of thoroughness( 6 ). 

It must a l s o  be kept i n  mind t h a t  the  n a t i o n ' s  p o t e n t i a l l y  
Another au tho r i ty  has  estimated t h a t  

It would be most unwise t o  wr i t e  off i n  advance these unexplored sediments as 
unproductive. 
reconnaissance explorat ion.  Furthermore, the s e n s i t i v i t y  of our e x i s t i n g  explor- 
a t o r y  t o o l s  i s  such that we are f requent ly  unable t o  loca t e  valuable deposi ts  by 
surface e f f o r t s  alone. 

Many p o t e n t i a l l y  productive areas have been sub jec t  t o  l i t t le if any 

I n  pa r t i cu la r ,  we are general ly  unable t o  l o c a t e  strat- 
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ig raphic  traps through such sur face  e f f o r t s  and some of the  world's l a r g e s t  known 
f i e l d s  have been found i n  such t r a p s .  A s  we extend our  e f f o r t s  t o  the l a r g e l y  
unexplored areas, a s  we ga ther  add i t iona l  information through d r i l l i n g  i n  d 1  areas, 
and as we cont inua l ly  improve t h e  accuracy of our geophysical equipment it i s  almost 
i nev i t ab le  t h a t  we s h a l l  d i scover  addi t iondl  l a r g e  volumes of oi l .  
t h e r e  i s  every  reason t o  be l i eve  t h a t  we  shall be ab le  t o  continue the  long  evident 
trend of increas ing  recovery of o i l  i n  place.  

Furthermore, 
I 

,1 

There i s  thus no convincing evidence t h a t  a phys ica l  s c a r c i t y  of resources w i l l  
i n h i b i t  petroleum production i n  the  foreseeable fu tu re .  

years of consumption. I n  add i t ion  much more oi l ,  whose existence can on ly  be con- 
jectured today, w i l l  undoubtedly be found or  made ava i lab le  through improved 
recovery. To the ex ten t  t h a t  such o i l  becomes ava i lab le ,  t he  period when phys ica l  
s c a r c i t y  w i l l  begin t o  i n h i b i t  consumption w i l l  be deferred i n t o  the  unascertainable 
fu tu re  . 

O i l  whose presence i s  
. a l ready  known o r  whose ex is tence  may be l o g i c a l l y  infer red  i s  adequate f o r  twenty 

The o i l  shale depos i t s  i n  t h e  U. S. and the  tar sands i n  Canada provide f u r t h e r  
assurance that resources w i l l  n o t  be a l i m i t i n g  f a c t o r  on petroleum u t i l i z a t i o n  i n  
the  foreseeable fu ture .  Not on ly  are these  resources immense i n  terms of o i l  i n  
place, bu t  l a r g e  volumes of o i l  can probably be produced from them p ro f i t ab ly  a t  
p r i c e s  which are near ly  competitive with crude o i l .  

Resources outside the  U. S. are even more p l e n t i f u l  r e l a t i v e  t o  demand than i n  
the  U. S. Thus there  i s  l e s s  l ike l ihood of shortage abroad than i n  the  U. S. 
Furthermore, the  discussion of U. S. resource adequacy assumed continuation of 
import regula t ions  similar t o  those  i n  e f f e c t  today. If fo r  some reason oil should 
not be found i n  an t ic ipa ted  volumes i n  t h i s  nation, import cont ro ls  could be relaxed. 
Tota l  free world resources are undoubtedly qu i t e  adequate t o  meet a J l  ant ic ipa ted  
demands over the  foreseeable fu tu re .  

Although resources i n  t o t a l  may not serve t o  l i m i t  u t i l i z a t i o n  it i s  possible 
t h a t  exp lo i t a t ion  of increas ingly  i n f e r i o r  resources i n  c e r t a i n  areas such as the 
U. S. could l ead  t o  rising c o s t s  which would, i n  turn,  i n h i b i t  demand i n  those areas. 

I n  the  U. S., for example, t he re  has  been a c l e a r l y  d iscern ib le  p a t t e r n  of 
d r i l l i n g  t o  g rea t e r  depth and moving toward less access ib le  deposits--notably those 
under the  Gulf of Mexico and t h e  West Coast offshore.  
t h a t  increas ing  cos t s  of production m i g h t  soon l e a d  t o  higher p r i c e s  which would 
be a l i m i t i n g  f a c t o r  on u t i l i z a t i o n  even i f  phys ica l  presence of resources were not 
an appl icable  cons t ra in t .  

Thus, it might be presumed 

Although the hypothesis of increas ing  u n i t  cos t s  r e su l t i ng  from deple t ion  of 
the  more economical resources appears reasonable on the  surface, an  important 
recent study by Resources for t h e  Future c a s t s  se r ious  doubt on i ts  v a l i d i t y ( 2 ) .  
Improved technology i n  explora t ion  and production have, according t o  t h i s  study, 
more than o f f s e t  those f a c t o r s  which otherwise would have l e d  t o  r i s i n g  cos t s .  
There i s  no evidence of a r e v e r s a l  i n  t h i s  trend as of today and no l o g i c a l  reason 
t o  p o s i t  one i n  the  foreseeable  fu tu re .  Accordingly, it appears l i k e l y  from what 

' we know today that petroleum p r i c e s  w i l l  not r i s e  r e l a t i v e  t o  all other  p r i c e s  i n  
t h e  f o r e c a s t  period. 
would probably come i n t o  production qu i t e  r ap id ly  w e r e  crude o i l  p r i c e s  to  rise 
appreciably. Thus the  magnitude of our crude o i l  resource base combined with 
p o t e n t i a l  competition from sha le  o i l  and o the r  f u e l s  w i l l  q u i t e  probably serve t o  
keep crude o i l  p r i c e s  from r i s i n g  appreciably i n  the  U. S. 

This conclusion i s  reinforced by the  f a c t  t h a t  shale o i l  

One p o t e n t i a l  t h r e a t  t o  oil markets--and a f u r t h e r  s a fe ty  f a c t o r  f o r  hydro- 
carbon consumers--is the  production of l i qu id  f u e l s  from coal. Research is  
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cur ren t ly  underway t o  develop economical techniques f o r  producing such f u e l s  from 
coal.  To the  ex ten t  t h a t  t h i s  research i s  successfu l  it w i l l ,  of course, reduce 
the  demand f o r  crude o i l .  
coa l  l i que fac t ion  but, nevertheless,  a t  present  there  i s  no convincing evidence 
t h a t  coa l  w i l l  d i sp lace  any s ign i f i can t  volume of petroleum i n  t h e  l i q u i d  f u e l s  

' market. This view i s  apparently f a i r l y  widespread since very few companies believe 
such research i s  s u f f i c i e n t l y  a t t r a c t i v e  t o  warrant the use of t h e i r  own funds and 
the  bulk of the  work being done i n  t h i s  area i s  under Federal  contract .  Coal 
l i que fac t ion  i s  an  i n t e r e s t i n g  speculation but, given the  information ava i lab le  
today, it does not appear t o  pose a real t h r e a t  t o  o i l  i n  t he  foreseeable fu ture .  
Furthermore, if adequate suppl ies  of all f u e l s  w i l l  be forthcoming a t  no s ign i f i can t  
change i n  real p r i c e s  over the  foreseeable  fu ture ,  then the re  i s  l i t t l e ,  i f  any, 
economic j u s t i f i c a t i o n  f o r  federaJly sponsored research i n  t h i s  area. 

There have been some i n t e r e s t i n g  recent  developments i n  

CONCLUSIONS 

The demand f o r  petroleum products i n  the U. S. w i l l  probably grow at  a r a t e  of 
2 o r  3 p e r  cent  a year. Abroad, t he  annual growth rate w i l l  be perhaps twice as 
g rea t  as the  rate i n  the U. S. 
t he  U. S. o r  the  f r e e  world and the re  should be no s ign i f i can t  s h i f t  i n  r e l a t ive  
f u e l  p r i c e s  i n  t h e  foreseeable  fu tu re .  

Resources w i l l  not-be a l imi t ing  f a c t o r  e i t h e r  i n  

It is unl ike ly  t h a t  o i l  demand w i l l  be increased appreciably i n  the  U. S. 
. through research i n  u t i l i z a t i o n .  Research on improved exploratory and productive 

techniques w i l l  probably have a g rea t e r  influence on domestic o i l  demand than w i l l  
research on o i l  u t i l i z a t i o n .  Research on new uses i s  l i k e l y  t o  have a much 
s t ronger  influence on fore ign  u t i l i z a t i o n ,  however, than i s  the  case wi th in  the 
U. S. 
growth rate of o i l  demand i n  the  U. S. so much as i t s  composition. 

The changes i n  o i l  u t i l i z a t i o n  which appear most probable w i l l  not alter the  

F ina l ly ,  some research i s  being conducted today on the  supposit ion that crude 
o i l  i s  i n  l imi ted  supply and hence t h a t  refined product p r i c e s  are l i k e l y  t o  rise 
i n  t h e  near fu ture  r e l a t i v e  t o  p r i c e s  of competing fue l s .  Those undertaking 
research on these grounds a re  l i k e l y  t o  be disappointed j u s t  a s  they  have been i n  
the p a s t .  Such research may represent an i n t e r e s t i n g  speculation, but t he re  i s  no 
overwhelming na t iona l  urgency o r  prof it incentive t o  develop s u b s t i t u t e s  f o r  crude 
o i l  and i t s  products. 

i 
, 
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Gas U t i l i z a t i o n  Today and i n  t h e  F u t u r e  

Dan ie l  Par s o n  

Northern I l l i n o i s  Gas Company, Aurora,  I l l i n o i s  

Be fo re  beg inn ing  t h i s  d i s c u s s i o n  on t h e  u t i l i z a t i o n  of g a s ,  l e t  me p rov ide  
some b r i e f  background on t h e  p r e s e n t  s t a t u s  o f  gas  i n  t h e  N a t i o n ' s  aggrega te  
energy r equ i r emen t s .  Subsequen t ly ,  w e  w i l l  examine t h e  f u t u r e  of g a s  u t i l i z a t i o n ,  
some o f  t h e  economic problems a s s o c i a t e d  w i t h  t h i s  i n d u s t r y ,  and some c h a l l e n g e s  t o  
r e s e a r c h  and technology w i t h i n  t h e  i n d u s t r y .  

The gas  i n d u s t r y  had i t s  in fancy  i n  t h e  e a r l y  n i n e t e e n t h  c e n t u r y  w i t h  the f i r s t  
l i m i t e d  d i s t r i b u t i o n  of  l o w  B t u  g a s e s  manufactured from c o a l .  
n e a r l y  60 p e r c e n t  of t h e  i n d u s t r y ' s  customers  were s t i l l  dependent  e i t h e r  upon 
manufactured gases  (from c o a l  or  o i l )  or m i x t u r e s  of manufactured and n a t u r a l  gas .  
To b e  s u r e ,  s u b s t a n t i a l  p o r t i o n s  of t h e  c o u n t r y  had been u s i n g  n a t u r a l  gas  f o r  many 
y e a r s  b e f o r e  t h i s ,  where t h e  gas  was produced more o r  less l o c a l l y .  However, t h e  
r a p i d  growth of t h e  gas  i n d u s t r y ,  and t h e  major e x t e n s i o n  of n a t u r a l  g a s  a v a i l a b i l i t y  
t o  a l l  p o r t i o n s  of t h e  Nat ion which f a c i l i t a t e d  t h i s  growth,  was i n i t i a t e d  i n  1931  
w i t h  the  c o n s t r u c t i o n  of N a t u r a l  Gas P i p e l i n e  Company from Texas and  Oklahoma to t h e  
Chicago a r e a .  I t  a c c e l e r a t e d  s u b s t a n t i a l l y  i n  subsequent  y e a r s  as  t h e  a v a i l a b i l i t y  
of h i g h - s t r e n g t h  s t e e 1  p i p e  and e f f e c t i v e  welding t echn iques  made long-d i s t ance  
t r a n s p o r t a t i o n  of n a t u r a l  g a s  economical ly  and p h y s i c a l l y  f ea s ib l e .  

A s  r e c e n t l y  as  1940,  

U n t i l  a f t e r  World War 11, s u p p l i e s  of  n a t u r a l  g a s  a v a i l a b l e  for d e l i v e r y  
s u b s t a n t i a l l y  exceeded t h e  a b i l i t y  of the  p i p e l i n e  network t o  market t h e  gas .  I t  
was a b u y e r ' s  market and n a t u r a l  gas  i n  t h e  f i e l d  was s o l d ,  frequently as a by-product  
of o i l  p roduc t ion  and under  i n c r e m e n t a l  p r i c i n g  t h e o r i e s ,  a t  p r i c e s  which i n  
r e t r o s p e c t  appea r  extremely low. Immediately a f t e r  World War 11, c o a l  and o i l  p r i c e s  
r o s e  s u b s t a n t i a l l y  and sudden ly  n a t u r a l  gas  became t h e  c h e a p e s t  S G I X C ~  o f  energy for  
a m u l t i t u d e  of purposes ,  i n  most p a r t s  of t h e  c o u n t r y .  P i p e l i n e  c o n s t r u c t i o n  
a c c e l e r a t e d  markedly,  .and t r a n s m i s s i o n  l i n e s  were b u i l t  t o  v i r t u a l l y  eve ry  co rne r  
of t h e  coun t ry .  The a d d i t i o n a l  r equ i r emen t s  c r e a t e d  by t h e s e  new p i p e l i n e s  a f f e c t e d  
t h e  supply-demand r e l a t i o n s h i p  s u b s t a n t i a l l y .  P roduce r s  soon r e a l i z e d  t h a t  they no 
l o n g e r  were market ing a t roublesome and r e l a t i v e l y  u n d e s i r a b l e  by-product  f o r  which 
they  would a c c e p t  a lmost  any p r i c e ,  b u t  were t h e  proud p o s s e s s o r s  o f '  an  extremely 
d e s i r a b l e  commodity of s u b s t a n t i a l  v a l u e .  The ave rage  p r i c e  of n a t u r a l  g a s  i n  t h e  
f i e l d  r o s e  from 4.9 c e n t s  i n  1945 to 1 0 . 4  c e n t s  i n  1955. I n  my own o p i n i o n ,  t h i s  is  
i n  t h e  b e s t  American t r a d i t i o n ,  t h a t  a p roduc t  a v a i l a b l e  i n  l i m i t e d  supp ly  should 
b r i n g  i n c r e a s i n g l y  higher  p r i c e s  a s  t h e  demand i n c r e a s e s .  T h i s  i s  t h e  s u r e s t  way 
t o  encourage t h e  i n t r o d u c t i o n  of  new p roduce r s ,  t h u s  i n c r e a s i n g  t h e  a v a i l a b l e  supp ly ,  
and b r ing ing  t h e  p r i c e  down. S i n c e  1961, t h e  ave rage  p r i c e  of n a t u r a l  g a s  i n  t h e  
f i e l d  has  indeed . s t a b i l i z e d ,  a l t h o u g h  whether t h i s  is p r i m a r i l y  a t t r i b u t a b l e  t o  the 
f o r c e s  o f  economics,  or  because  of r e g u l a t o r y  a c t i o n s  o f  t h e  F e d e r a l  Government is 
a q u e s t i o n  I s h a l l  n o t  d i s c u s s  h e r e .  And, a t  t h e  p r e s e n t  t i m e ,  over 98  p e r c e n t  O f  

t h e  g a s  d i s t r i b u t e d  by u t i l i t i e s  i n  t h e  Un i t ed  S t a t e s  is p u r e  n a t u r a l  g a s .  

L e t  u s  now d i s c u s s  t h e  components of t h i s  nat ion-wide demand f o r  n a t u r a l  gas-- 
t h e  d i f f e r e n t  t ypes  of consumers ,  and d i f f e r e n t  t y p e s  o f  a p p l i c a t i o n s .  I n  the f i e l d  
of h e a t i n g ,  t h e  growth has  been phenomenal. 
u s i n g  n a t u r a l  g a s  f o r  h e a t i n g  t h e i r  homes has  r i s e n  from 7.4 m i l l i o n  i n  1949 t o  
24.0 m i l l i o n  i n  1963. These t o t a l s  exc lude  s u b s t a n t i a l  numbers of fami l ies  i n  m u l t i -  
f ami ly  s t r u c t u r e s  where gas  i s  used i n  c e n t r a l  h e a t i n g . s y s t e m s ,  and exclude s i g n i f i -  
c a n t  numbers of households  u s i n g  l i q u e f i e d  petroleum g a s  f o r  h e a t i n g  i n  a r e a s  beyond 
g a s  u t i l i t y  mains.  
and o n e - f o u r t h  m i l l i o n  new r e s i d e n t i a l  h e a t i n g  customers  each y e a r  f o r  t he  p a s t  f i v e  
y e a r s ,  and a n t i c i p a t e  a c c n t i n u a t i o n  o f  t h i s  growth r a t e  i n  t h e  f o r e s e e a b l e  f u t u r e .  
I n  t h e  preponderance of t h e  Na t ion ,  n a t u r a l  g a s  i s  t h e  c h e a p e s t  h e a t i n g  f u e l ,  n o t  

The t o t a l  number o f  r e s i d e n t i a l  customers  

The g a s  companies have been adding between o n e  m i l l i o n  and one 

, 
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o n l y  f o r  r e s i d e n t i a l  cus tomers ,  b u t  a l s o  f o r  commercial and i n d u s t r i a l  e s t a b l i s h m e n t s ,  
t o  say  n o t h i n g  of i t s  o t h e r  d e s i r a b l e  a t t r i b u t e s .  I n  ou r  s e r v i c e  a r e a  i n  n o r t h e r n  
I l l i n o i s ,  for  i n s t a n c e ,  n a t u r a l  g a s  for r e s i d e n t i a l  u s e  c o s t s  35 p e r c e n t  l e s s  t h a n  
o i l ,  1 5  p e r c e n t  l e s s  than c o a l ,  and 70 p e r c e n t  l e s s  t h a n  e l e c t r i c  h e a t i n g .  These 
f a v o r a b l e  economic c i r c u m s t a n c e s  a r e  n o t  unusua l ,  and w e  expec t  t h a t  they w i l l  
c o n t i n u e  t o  p r e v a i l  i n  t h e  f u t u r e .  Ninety-nine p e r c e n t  of  t h e  new homes i n  our 
s e r v i c e  a r e a  i n s t a l l  g a s  h e a t i n g  i n  a r e a s  w i t h i n  r e a c h  of  our mains ,  and we t r y  
v i g o r o u s l y  t o  reach a lmos t  eve ryone .  

I n  t h e  r e s i d e n t i a l  m a r k e t ,  b a s i c  household gas  a p p l i a n c e s  have a l s o  shown marked 
growth,  a l t h o u g h  no t  a t  t h e  same r a t e  a s  h e a t i n g .  For  example,  C h a r t  1 shows t h e  
growth of g a s  cooking a s  r e p o r t e d  i n  the  v a r i o u s  Un i t ed  S t a t e s  Censuses  o f  Housing. 
If Census d a t a  were a v a i l a b l e  f o r  y e a r s  p r i o r  t o  1960 f o r  wa te r  h e a t i n g ,  an even 
more r a p i d  growth would be a p p a r e n t .  These growth ra tes  have  been lower than t h a t  
f o r  h e a t i n g  f o r  one s i g n i f i c a n t  r e a s o n .  To a major  e x t e n t  f o r  cooking and c l o t h e s  
d r y i n g ,  and t o  a l e s s e r  e x t e n t  for  wa te r  h e a t i n g ,  o p e r a t i n g  c o s t  is  n o t  a c r u c i a l  
f a c t o r  i n  consumer f u e l  d e c i s i o n s  d u r i n g  decades  o f  eve r -h ighe r  economic a c t i v i t y .  
Annual o p e r a t i n g  c o s t s  a r e  r e l a t i v e l y  small r e g a r d l e s s  of  t h e  f u e l  u sed ,  because of 
t h e  modest energy r e q u i r e m e n t s  o f  t h e s e  a p p l i c a t i o n s .  Accord ing ly ,  a 1  though g a s  is  
t h e  l e a s t  c o s t l y  form o f  ene rgy ,  i t  must a l s o  compete i n  terms of q u a l i t a t i v e  and 
s u b j e c t i v e  f e a t u r e s  a s s o c i a t e d  w i t h  t h e  r e s p e c t i v e  a p p l i a n c e .  Some of our compe t i to r s  
produce a t t r a c t i v e  and webl-designed eq,iipment, and adver t i s 6  i t  n a t i o n a l l y  on a 
massive s c a l e .  We welcome t h i s  k i n d  of s p i r i t e d  c o m p e t i t i o n ,  and we a r e  c o n f i d e n t  
t h a t  we w i l l  more than ho ld  our own i n  t h e  r e s i d e n t i a l  a p p l i a n c e  market  o f  t h e  f u t u r e .  

The growth in  commercial  u s e  of  gas  f o r  non-hea t ing  a p p l i c a t i o n s  has  a l s o  been 
v e r y  s u b s t a n t i a l .  Cos t  f a c t o r s  a r e  impor t an t  t o  a commercial  e s t a b l i s h m e n t ,  which 
is  more concerned w i t h  i t s  own p r o f i t  and loss than w i t h  a d v e r t i s i n g  messages and 
s u b j e c t i v e  e v a l u a t i o n .  Surveys done a t  p e r i o d i c  i n t e r v a l s  among the b e s t  r e s t a u r a n t s  
throughout  t h e  Nat ion c o n f i r m  an  overwhelming and c o n s i s t e n t  u s e  of g a s  f o r  cooking 
i n  excess  of  90 p e r c e n t .  F u r t h e r  f a v o r a b l e  ev idence  is a v a i l a b l e  f rom t h e  accep tance  
of g a s  a t  t h e  N e w  York Wor ld ' s  F a i r  where g a s  i s  be ing  used f o r  80 p e r c e n t  of t h e  
c o o l i n g ,  90 p e r c e n t  of t h e  h e a t i n g  and water  h e a t i n g ,  and 99 p e r c e n t  of t h e  cooking. 
For a l l  commercial s a l e s  by g a s  u t i l i t i e s ,  t h e  compound annua l  growth r a t e  i n  t h e  
p a s t  ten y e a r s  has  been 8 .6  p e r c e n t .  

I n  t h e  f i e l d  of i n d u s t r i a l  p r o c e s s i n g  a p p l i c a t i o n s ,  gas  h a s  a l s o  enjoyed r a p i d  
growth,  The c o s t  advan tages  enjoyed by n a t u r a l  g a s  a r e  supplemented by o t h e r  
impor t an t  c o n s i d e r a t i o n s  w i t h i n  t h e  p l a n t ,  such a s  e a s e  of c o n t r o l ,  evenness  and 
q u a l i t y  of  h e a t i n g ,  and d e p e n d a b i l i t y  o f  supp ly .  I n d u s t r i a l  g a s  s a l e s  by u t i l i t i e s ,  
i n c l u d i n g  a l l  a p p l i c a t i o n s  of g a s  in  such e s t a b l i s h m e n t s ,  have shown an annual  
ave rage  growth r a t e  of s l i g h t l y  over  6 p e r c e n t .  
i n  t h i s  r a t e  i n  t h e  f o r e s e e a b l e  f u t u r e ,  u n l e s s  i n d u s t r i a l  expansion d e c l i n e s  markedly. 

I do  n o t  a n t i c i p a t e  any d e c e l e r a t i o n  

The s t o r y  i s  somewhat d i f f e r e n t  f o r  a i r  c o o l i n g .  I n  t h e  r e s i d e n t i a l  market ,  t h e  

Our p r o g r e s s  i n  g a i n i n g  widesp read  a c c e p t a n c e  and u s e  has  t h e r e f o r e  
o p e r a t i n g  c o s t  advan tages  of n a t u r a l  gas  have so f a r  been more than  o f f s e t  by h ighe r  
equipment c o s t s .  
been d i s a p p o i n t i n g l y  s low.  S u b s t a n t i a l  r e s e a r c h  i s  b e i n g  devo ted  t o  t h i s  problem, 
and w i t h i n  t h e  nex t  f e w  y e a r s  w e  a n t i c i p a t e  t h a t  s e v e r a l  a d d i t i o n a l  prominent 
a p p l i a n c e  manufac tu re r s  w i l l  be market ing more e f f i c i e n t  and less expensive r e s i d e n -  
t i a l  a i r  c o n d i t i o n i n g  equipment u s i n g  n a t u r a l  gas .  T h i s  w i l l  e n a b l e  our i n d u s t r y  
t o  o b t a i n  a s u b s t a n t i a l ,  if n o t  major ,  s h a r e  of t h i s  r a p i d l y  growing market.  I n  
commercial  and i n d u s t r i a l  a i r  c o n d i t i o n i n g  a p p l i c a t i o n s ,  t h i s  problem is r e l a t i v e l y  
minor .  
equipment c o s t ,  and a r e  o b t a i n i n g  s u b s t a n t i a l  p o r t i o n s  'of t h e  market  w i t h  d i r e c t  
a b s o r p t i o n  equipment,  g a s - f i r e d  eng ines ,  and large-volume s team a b s o r p t i o n  u n i t s .  
We expec t  t o  improve our p o s i t i o n  even f u r t h e r  i n  t h e s e  marke t s  i n  t h e  f u t u r e ,  
p a r t i a l l y  through the  c o n c e p t  of o n - s i t e  t o t a l  energy g e n e r a t i o n .  

Many gas companies  a r e  competing f a v o r a b l y  i n  bo th  o p e r a t i n g  c o s t  and 

S i g n i f i c a n t  consumer i n t e r e s t  i s  a l r e a d y  being expres sed  
new concep t  of o n - s i t e  t o t a l  energy g e n e r a t i o n ,  u s i n g  n a t u r a l  

i n  t he  r e l a t i v e l y  _a 

g a s  i n  engines  or 
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t u r b i n e s .  I n  t h e s e  a p a l i c a t i o n s  t h e  e n g i a e  or t u r b i n e  produces t h e  r e q u i r e d  
e l e c t r i c i t y  on t h e  cus tomer ' s  p remises ,  and the  waste h e a t  is emaloyed f o r  h e a t i n g ,  
a i r  c o n d i t i o n i n g ,  and h o t  wa te r  h e a t i n g .  Such i n s t a l l a t i o n s  are  comple t e ly  
dependab le ,  and o f f e r  i m p o r t a n t  c o s t  s a v i n g s  t o  consumers who have r e l a t i v e l y  
l e v e l  l o a d  r equ i r emen t s  t h roughou t  t h e  y e a r .  They a r e  g e n e r a l l y  n o t  f e a s i b l e  f o r  
a customer whose e l e c t r i c  l o a d  f l u c t u a t e s  wide ly ,  because  of  t h e  c a p i t a l  c o s t s  of 
equipment needed o n l y  to meet i n f r e q u e n t  peaks.  Under proper  c o n d i t i o n s  they  
a c h i e v e  t o t a l  system e f f i c i e n c i e s  s i g n i f i c a n t l y  i n  e x c e s s  of  60 p e r c e n t .  Our new 
Genera l  Off ice  b u i l d i n g ,  n i n e  m i l e s  n o r t h e a s t  o f  Auro ra ,  I l l i n o i s ,  h a s  been 
s u c c e s s f u l l y  u s i n g  t h i s  c o n c e p t  for over  a year  and a h a l f ,  and i s  demons t r a t ing  
d r a m a t i c a l l y  what such i n s t a l l a t i o n s  can a c h i e v e  fo r  customers .  Gur m a r k e t  a n a l y s e s  
i n d i c a t e  a ve ry  s u b s t a n t i a l  p o t e n t i a l  f o r  such  a p s l i c a t i o n s ,  which w e  i n t e n d  t o  
e x p l o i t  f u l l y .  

I n  t h e  f u t u r e ,  our i n d u s t r y  w i l l  be s e l l i n g  f u e l  c e l l s .  These w i l l  c o n v e r t  
n a t u r a l  g a s  d i r e c t l y  t o  e l e c t r i c i t y ,  s i l e n t l y ,  e f f i c i e n t l y ,  and r e l i a b l y ,  on t h e  
premises  O f  t h e  customer.  They w i l l  b e  d e s i g n e d  p r i m a r i l y  f o r  r e s i d e n t i a l  and 
o t h e r  s m a l l  u s e r s ,  where eng ines  a r e  n o t  a p p l i c a b l e .  S u b s t a n t i a l  f u n d s  a r e  be ing  
s p e n t ,  b o t h  by the  g a s  i n d u s t r y  and by i n d i v i d u a l  manufac tu re r s  and r e s e a r c h  
o r g a n i z a t i o n s ,  t o  h a s t e n  t h e  day when such f u e l  c e l l s  w i l l  b e  wide ly  a v a i l a b l e .  
We look fo rward  wi th  eage r  a n t i c i p a t i o n  t o  t h e  day when no cus tomer ,  r e s i d e n t i a l ,  
commercial ,  o r  i n d u s t r i a l ,  w i l l  r e q u i r e  any fo rm of ene rgy .on  h i s  p remises  o t h e r  
t han  t h a t  s u p p l i e d  th rough  a g a s  l i n e .  

Perhaps t h e  b e s t  w a y  of summarizing t h e  a g g r e g a t e  growth o f  n a t u r a l  g a s  i n  
t h e  N a t i o n ' s  economy is t o  p r o v i d e  a c h a r t  showing t h e  i n c r e a s e s  i n  t o t a l  energy 
used i n  t h e  Un i t ed  S t a t e s ,  and t h e  way i n  which n a t u r a l  gas  h a s  c o n t r i b u t e d  t o  
t h o s e  i n c r e a s e s .  I have t aken  t h e  l i b e r t y  of appending t o  t h e  h i s t o r i c a l  d a t a  a 
few p r o j e c t i o n s  of  my own which I r e g a r d  as " c o n s e r v a t i v e l y  r e a l i s t i c . "  I n  1940, 
n a t u r a l  gas  p rov ided  11.4 p e r c e n t  of t h e  t o t a l ;  i n  1950 i t  was 18.0 p e r c e n t ;  i n  
1963 i t  was 29.7 p e r c e n t ;  and i n  1 9 7 0  i t  w i l l  p r o v i d e  32.3 p e r c e n t .  , 

Continued growth i n  demand for  n a t u r a l  g a s  o b v i o u s l y  ra ises  t h e  q u e s t i o n  O f  

adequacy of f u t u r e  supp ly .  
e s t i m a t e s  of t o t a l  f u t u r e  s u p p l i e s  o f  n a t u r a l  g a s  i n  t h e  Un i t ed  S t a t e s .  I emphasize 
t h a t  they must be e s t i m a t e s ,  because n o  one can y e t  s c i e n t i f i c a l l y  d e t e r m i n e  how 
much g a s  may e x i s t  i n  a g i v e n  p l a c e  and a t  a g i v e n  d e p t h  b e f o r e  t h a t  p l a c e  has  been 
l o c a t e d  and adequa te  d r i l l i n g  has  occur red .  The e s t i m a t e s  of t h e s e  e x p e r t s  have 
ranged between 600 t r i l l i o n  cub ic  f e e t  and 1 , 8 0 9  t r i l l i o n  c u b i c  f e e t ,  w i t h  r e c e n t  
e s t i m a t e s  g e n e r a l l y  i n  t h e  upper r a n g e .  Even a t  t h e  midpoint  of t h i s  s c a l e ,  some 
r e l a t i v e l y  s i m p l e  a r i t h m e t i c  i n d i c a t e s  t h a t  s u p p l i e s  w i l l  be comple t e ly  adequate  fo r  
a c o n s i d e r a b l e  number of decades: And we a r e  n o t  l i m i t e d  e x c l u s i v e l y  t o  t h e  n a t u r a l  
g a s  which w i l l  be found w i t h i n  t h e  l i m i t s  of t h e  c o n t i g u o u s  f o r t y - e i g h t  s t a t e s .  
Very s u b s t a n t i a l  a d d i t i o n a l  q u a n t i t i e s  of n a t u r a l  g a s  w i l l  b e  a v a i l a b l e  t o  t h e  U.S. 
by c o n v e n t i o n a l  p i p e l i n e  i m p o r t a t i o n  from Canada and Mexico. Less s i g n i f i c a n t ,  
b u t  s t i l l  impor t an t ,  q u a n t i t i e s  w i l l  be a v a i l a b l e  from tanker  sh ipmen t s  i n  l i q u e f i e d  
form from o v e r s e a s  p o i n t s .  Many n a t i o n s  produce l a r g e  q u a n t i t i e s  of c rude  o i l ,  
which f i n d s  a ready market ,  and a l s o  produce s u b s t a n t i a l  amo.lnts of n a t u r a l  g a s  w i t h  
l i m i t e d  l o c a l  r equ i r emen t s .  
t r a n s p o r t  l i q u e f i e d  n a t u r a l  gas  i s  i n e v i t a b l e ,  s o  t h a t  n a t u r a l  g a s  now being wasted 
i n  some n a t i o n s  can be e f f e c t i v e l y  and economica l ly  d e l i v e r e d  t o  marke t .  For those  
a r e a s  w i t h  e x c e s s  s > i p p l i e s  of n a t u r a l  gas which a r e  n o t  too remote from l a r g e  over- 
s e a s  markets, l o n g - d i s t a n c e  under-water p i p e l i n e s  anchored t o  t h e  ocean f l o o r  w i l l  
become f e a s i b l e .  Such a l i n e  a c r o s s  t h e  Med i t e r r anean  from A l g e r i a  t o  Southern 
Europe, has  a l r e a d y  been d i s c u s s e d .  

Many e x p e r t s  have a t t e m p t e d  t o  d e v e l o p  r e a s o n a b l e  

The development of f l e e t s  of r e f r i g e r a t e d  t a n k e r s  to 

As a f u r t h e r  supplement t o  n a t u r a l  g a s  s u p p l i e s  i n  the  Un i t ed  S t a t e s ,  w e  have 
h i g h l y  f a v o r a b l e  p r o s p e c t s  of  manufac tu r ing  s y n t h e t i c  methane f r o a  o i l  s h a l e s ,  low- 
g r a d e  b i tuminous  c o a l  d e p o s i t s ,  l i g n i t e ,  and tar s a n d s .  S u b s t a n t i a l  i n d u s t r y  f u n d s  
have been s p e n t  i n  r e c e n t  y e a r s  i n  r e s e a r c h i n g  t h e  p r o c e s s e s  n e c e s s a r y  f o r  such 
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c o n v e r s i o n ,  i nc lud ing  t h e  development  Of s m a l l - s c a l e  p i l o t  p l a n t s .  R e c e n t l y ,  p l a n s  
were announced by s e v e r a l  Gas Boards i n  G r e a t  B r i t a i n  t o  produce a s y n t h e t i c ,  h i g h  
Btu g a s  from r e f i n e d  pe t ro l eum p r o d u c t s  ( p r i m a r i l y  naph tha )  a t  a p r i c e  p e r  therm 
which even today ,  b e f o r e  f u r t h e r  r e s e a r c h ,  is w i t h i n  h a i l i n g  d i s t a n c e  of n a t u r a l  
g a s  p r i c e s  i n  t h e  U.S. 

To d a t e ,  i m p o r t a t i o n  o f  l i q u e f i e d  n a t u r a l  g a s  and p roduc t ion  o f  s y n t h e t i c  
' n a t u r a l  gas  have n o t  o c c u r r e d  i n  t h e  U n i t e d  S t a t e s  because  they c o s t  more than  

n a t u r a l l y - o c c u r r i n g  methane. However, two f a c t o r s  w i l l  g r a d u a l l y  e l i m i n a t e  t h i s  
economic d i f f e r e n t i a l .  N a t u r a l  g a s  ( i n  common w i t h  a l l  o t h e r  mine ra l  and ene rgy  
r e s o u r c e s )  w i l l  g r a d u a l l y  i n c r e a s e  i n  p r i c e ,  as demand i n c r e a s e s  and n a t u r a l  s u p p l i e s  
d i m i n i s h .  The s y n t h e t i c  p r o d u c t ,  or t h e  n a t u r a l  p r o d u c t  from unusua l  s o u r c e s ,  w i l l  
g r a d u a l l y  d e c l i n e  i n  p r i c e  a s  technology improves t h e  a p p l i c a b l e  manufac tu r ing  o r  
m a r k e t i n g  p r o c e s s e s .  

Now t h a t  I have reviewed t h e  magnitude o f  t h e  marke t s  and t h e  adequacy o f  
s u p p l i e s  t o  meet t h o s e  demands, l e t  me t u r n  t o  t h e  economics of u t i l i z a t i o n .  I n  
t h e  f i r s t  p l a c e ,  I b e l i e v e  t h a t  u t i l i z a t i o n  (or  s a l e s )  is  t h e  e s s e n t i a l  f a c t o r  i n  
any i n d u s t r y .  Unless  a p r o d u c t  i s  e v e n t u a l l y  used and a p r o f i t  d e r i v e d ,  a l l  e l s e  
is mean ing le s s .  The f a c t o r  which d e t e r m i n e s  t h e  u t i l i z a t i o n . o f  any g i v e n  p roduc t  
i s  i ts  o v e r a l l  economics, b o t h  tc t h e  manufac tu re r  and/or d i s t r i b u t o r ,  and t o  t h e  
consumer.  C o s t s  a t  a l l  l e v e l s ,  f o r r e s e a r c h ,  p r o d u c t i o n ,  and marke t ing ,  obviously 
a f f e c t  consumer economics. 

I 
.i 

i 

L e t  me s t a r t  a t  t he  beg inn ing ,  and d i s c u s s  some of  t h e  economic c h a r a c t e r i s t i c s  
of  n a t u r a l  g a s  e x p l o r a t i o n .  T h i s  a c t i v i t y  is obv ious ly  n e c e s s a r y  t o  l o c a t e  new 
sources which w i l l  r e p l a c e  g a s  b e i n g  produced and u s e d ,  and t h u s  m a i n t a i n  adequa te  
s u p p l i e s  and d e l i v e r a b i l i t y  f o r  f u t u r e  demands. E x p l o r a t i o n  f o r . n a t u r a 1  g a s  ( o r  
c r u d e  o i l )  i s  f i n a n c i a l l y  haza rdous ;  among t h o s e  w e l l s  d r i l l e d  i n  comple t e ly  new 
a r e a s  ( w i l d c a t s ) ,  only one  i n  t e n  f i n d s  commercial  d e p o s i t s  of  g a s  o r  o i l ,  and 
o n l y  about  one i n  one hundred p roves  p r o f i t a b l e ,  i n  s p i t e  of a l l  t h e  r e s e a r c h  on 
t e c h n i q u e s  f o r  i d e n t i f y i n g  l i k e l y  p r o d u c t i o n  s i t e s .  N e w s  a c c o u n t s  o f t e n  d i s c u s s  
t h o s e  who have s t r u c k  i t  r i c h ,  b u t  no one h e a r s  abou t  t h e  hundreds of p e o p l e  who 
have l o s t  t h e i r  i nves tmen t s  comple t e ly .  The h a z a r d s  of t h i s  b u s i n e s s  emphasize 
t h e  n e e d ,  f o r  t h e  good o f  t h e  c o u n t r y ,  t o  p r o v i d e  adequa te  i n c e n t i v e s  to t h o s e  
who r i s k  t h e i r  money i n  e x p l o r a t o r y  a c t i v i t i e s ,  and I s h a l l  r e t u r n  to t h i s  p o i n t  
s h o r t l y .  A l s o  remember t h a t  a d i s p r o p o r t i o n a t e l y  l a r g e  p e r c e n t a g e  of e x p l o r a t i o n  
i s  unde r t aken  by i n d i v i d u a l s  and small i ndependen t  o p e r a t o r s ,  r a t h e r  t han  t h e  
g i a n t ,  i n t e g r a t e d  o i l  companies  who might  be a b l e  t o  s p r e a d  t h e i r  r i s k s  more 
e f f e c t i v e l y .  Furthermore,  e x p l o r a t i o n  i s  becoming more c o s t l y  r a t h e r  t han  l e s s ,  
b e c a u s e  of i n c r e a s i n g  c o n c e n t r a t i o n  on o f f s h o r e  a r e a s  and deepe r  ho r i zons  where 
t h e  p o s s i b l e  rewards may be  g r e a t e r ,  b u t  where d r i l l i n g  c o s t s  p e r  f o o t  a r e  very much 
h i g h e r .  I t  i s  almost  a x i o m a t i c  i n  any e x t r a c t i v e  i n d u s t r y  t h a t  t h e  sha l lower  and 
more a c c e s s i b l e  d e p o s i t s  w i l l  b e  found s o o n e r ,  and t h a t  as t h e  i n d u s t r y  matures  i t  
req*. i i res  more i n g e n u i t y  and t e c h n o l o g i c a l  p r o g r e s s  t o  m a i n t a i n  t h e  pace of new 
d i s c o v e r i e s .  

/-* 

P r o d u c t i o n  o f  n a t u r a l  g a s  e n t a i l s  a wide v a r i e t y  of complex economic problems. 
N o  one knows how much i t  c o s t s  t o  l o c a t e  and produce a u n i t  of n a t u r a l  gas .  I n  t h e  

. e x p l o r a t i o n  phase,  i t  is  u s u a l l y  extremely d i f f i c u l t  t o  know whether  you w i l l  f i n d  
g a s  o r  o i l  or b o t h  i f  s u c c e s s f u l ;  and i m p o s s i b l e  to  know if t h e  h o l e  w i l l  be  d r y  
o r  p r o d u c t i v e  b e f o r e  you s t a r t  d r i l l i n g .  For t h e  90 p e r c e n t  of e x p l o r a t i o n  which 
is u n s u c c e s s f u l ,  how s h a l l  t h e  c o s t  be a p p o r t i o n e d  between g a s  and o i l ,  remembering 
t h a t  u n s u c c e s s f u l  e x p l o r a t i o n  is an i n t e g r a l  p a r t  o f  t h e  s e a r c h  t o  deve lop  new 
s o u r c e s  of  n a t u r a l  gas .  For a producing w e l l ,  where b o t h  g a s  and o i l  a r e  o b t a i n e d ,  
how s h a l l  t h e  o p e r a t i n g  c o s t s  be  a l l o c a t e d  between the  two p roduc t s .  The Fede ra l  
Power Commission has  been s t r u g g l i n g  w i t h  t h e s e  b a s i c  problems for s u b s t a n t i a l l y  
more than  f i v e  yea r s  i n  t h e i r  a t t e m p t s  t o  r e g u l a t e  t he  p r i c e  of n a t u r a l  g a s  a t  t h e  
w e l l h e a d ,  a s  t h e  Supreme C o u r t  r e q u i r e d  a f t e r  t h e  famous P h i l l i p s  Petroleum d e c i s i o n  
of 1954.  On c o s t  a l l o c a t i o n s ,  I d o n ' t  t h ink  they are  much c l o s e r  t o  a d e f e n s i b l e  
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and economica l ly  j u s t i f i a b l e  answer than  t h e y  were f i v e  y e a r s  ago. An a l t e r n a t i v e  
is  t o  i g n o r e  c o s t  a l l o c a t i o n s  and c o s t  d e t e r m i n a t i o n ,  and s e t  a p r i c e  f o r  n a t u r a l  
gas  a t  t h e  wel lhead based on i t s  v a l u e  as de te rmined  by a rm ' s - l eng th  n e g o t i a t i o n  
between producer  and p u r c h a s e r .  T h i s  is  t h e  s o - c a l l e d  commodity v a l k e  concep t ,  
which t h e  F e d e r a l  Power Commission h a s  n o t  as y e t  adop ted ,  p r e f e r r i n g  i n s t e a d  t o  
e x p l o r e  t h e  c o s t  d e t e r m i n a t i o n  p rocedure ,  

Another p o l i c y  m a t t e r  i n v o l v i n g  economic theo ry  i s  t h e  d e p l e t i o n  concep t .  
When a producer  s e l l s  n a t u r a l  g a s  he  i s  s e l l i n g  h i s  a s s e t ,  and p a r t  o f  t he  p r i c e  
he g e t s  is  a r e t u r n  of  c a p i t a l  r a t h e r  than a r e t u r n  0" c a p i t a l .  
t h e  l a t t e r  i s  t a x a b l y  b u t  t h e  former.  is  n o t .  
is n o t  unique t o  n a t u r a l  gas  and c r u d e  o i l .  The r a t e s  may v a r y ,  b u t  d e p l e t i o n  i s  
a v a i l a b l e  t o  t h e  s m a l l e s t  p r o p e r t y  owner growing e v e r g r e e n s  f o r  Chr i s tmas  t r e e s  on 
h i s  p r o p e r t y ,  and t o  t h e  l a r g e s t  i n d u s t r i a l  c o r p o r a t i o n  e x t r a c t i n g  any kind of  
mine ra l .  Another economic problem i s  the maintenance of r e l a t i v e l y  even r a t e s  o f  
f low from n a t u r a l  g a s  w e l l s ,  t o  maximize u l t i m a t e  r ecove ry  of t h e  r e s o u r c e  i n  s p i t e  
of s u b s t a n t i a l  s e a s o n a l  l oad  v a r i a t i o n s  a t  t h e  consumer l e v e l .  P r o d u c e r s  have 
a t t empted  t o  p r o t e c t  themselves  a g a i n s t  t h i s  problem by i n s t i t u t i o n  of take-or-pay 
p r o v i s i o n s  i n  t h e i r  s a l e s  c o n t r a c t s ;  I s h a l l  r e f e r  a g a i n  t o  t h i s  c o n c e p t  when I 
d i s c u s s  the  economic problems of p i p e l i n e s .  

Under our t a x  laws, 
Con t ra ry  t o  some i m p r e s s i o n s ,  d e p l e t i o n  

I t  should b e  kep t  i n  mind t h a t ,  t o  some e x t e n t ,  p roduce r s  of  n a t u r a l  g a s  have 
t h e  a l t e r n a t i v e  of  s e l l i n g  t h e i r  p r o d u c t  i n  i n t r a s t a t e  commerce, which would f r e e  
them o f  the  F e d e r a l  r e g u l a t o r y  problems I have d i s c u s s e d .  There are s u b s t a n t i a l  
i n t r a s t a t e  marke t s  f o r  n a t u r a l  g a s ,  ' c o n s i s t i n g  of pe t rochemica l  p l a n t s ,  o t h e r  
i n d u s t r i a l  e s t a b l i s h m e n t s ,  e l e c t r i c  power g e n e r a t i o n ,  and l o c a l  n a t u r a l  gas  
d i s t r i b u t o r s .  When a v a i l a b l e  s u p p l i e s  s i g n i f i c a n t l y  exceeded i n t e r s t a t e  market 
demands, t h e s e  i n t r a s t a t e  marke t s  were i n s u f f i c i e n t  t o  o f f e r  an e f f e c t i v e  a l t e r n a t i v e  
Now t h a t  s u p p l y  and demand have become more n e a r l y  ba l anced ,  "excess" s u p p l i e s  have 
become s u b s t a n t i a l l y  lower ,  and i n t r a s t a t e  marke t s  have grown s u b s t a n t i a l l y ,  t h e s e  
i n t r a s t a t e  marke t s  may assume g r e a t e r  r e l a t i v e  importance a s  an  e f f e c t i v e  a l t e r n a t i v e  
f o r  t h e  p roduce r .  Such a c o n d i t i o n  cou ld  d e p r i v e  markets  i n  consuming s t a t e s  l o c a t e d  
a t  some d i s t a n c e  from producing a r e a s  of t h e i r  needed i n c r e m e n t a l  s u p p l i e s ,  u n l e s s  
t h e s e  economic f a c t o r s  a r e  e f f e c t i v e l y  r ecogn ized  by r e g u l a t o r y  b o d i e s .  

The t r a n s p o r t a t i o n  or  p i p e l i n e  segment has  some of  i t s  own u n i q u e  economic 
problems. As a l l u d e d  t o  p r e v i o u s l y ,  . they a r e  f a c e d  w i t h  take-or-pay p r o v i s i o n s  i n  
t h e i r  gas  pu rchase  c c n t r a c t s .  Th i s  means t h a t  they must a c c e p t  some r e l a t i v e l y  h igh  
p e r c e n t a g e  of t h e  maximum amount of g a s  a v a i l a b l e  t o  them, on each  and every day of 
t h e  y e a r ,  or  pay f o r  i t  anyway. To p r o t e c t  themselves  a g a i n s t  s u c h  p r o v i s i o n s ,  t h e  
p i p e l i n e s  g e n e r a l l y  impose comparable take-or-pay p r o v i s i o n s  on t h e i r  d i s t r i b u t i n g  
u t i l i t y  cus tomers .  P i p e l i n e  r a t e s  a l m o s t  u n i v e r s a l l y  c o n t a i n  two components.  The 
demand charge i s  a f i x e d  o b l i g a t i o n  on the  customers  of t h e  p i p e l i n e ,  t o  pay a 
s p e c i f i c  amount each  month t o  cover  t h e  f i x e d  c o s t s  of  p r o v i d i n g  a d e f i n i t e  amount 
of d a i i y  c a p a c i t y  for  t h e  i n d i v i d u a l  customer.  The commodity c h a r g e ,  wh ich  v a r i e s  
d i r e c t l y  w i t h  t h e  q u a n t i t y  of  g a s  s o l d  t o  t h e  cus tomer ,  i s  i n t e n d e d  t o  cover  v a r i a b l e  
c o s t s  a t t r i b u t a b l e  t o  volumes t r a n s p o r t e d .  The most common take-or-pay p r o v i s i o n  i n  
p i p e l i n e  c o n t r a c t s  w i t h  d i s t r i b u t o r s  i s  t h a t  t h e  d i s t r i b u t o r  must  t a k e  o r  pay f o r  
75 p e r c e n t  of t h e  maximum amoilnt t o  which he  i s  e n t i t l e d  each  month ( d a i l y  c o n t r a c t  
amount t imes t h e  number o f  days  i n  t h e  month t imes t h e  commodity c h a r g e ) .  A t  l e a s t  
one p i p e l i n e  company is c u r r e n t l y  a t t e m p t i n g  t o  l e s s e n  t h e  impact  of i t s  take-or-pay 
p r o v i s i o n s  i n  pu rchase  c o n t r a c t s  w i t h  p r o d u c e r s ,  by deve lop ing  p o t e n t i a l  underground 
s t o r a g e  f i e l d s  n e a r  t h e  p roduc ing  a r e a .  
from t h e  p roduce r s  a t  a r e l a t i v e l y  even d a i l y  r a t e ,  and to va ry  t h e i r  d e l i v e r i e s  
t o  d i s t r i b u t i o n  company cus tomers ,  depending upon market  demands, by i n j e c t i o n s  and 
wi thd rawa l s  from t h e i r  own s t o r a g e  f i e l d .  

T h i s  would p e r m i t  them t o  purchase g a s  



Although t h e  deaand c h a r g e  pa id  by d i s t r i b u t o r s  t o  t h e  p i p e l i n e  is i n t e n d e d  
t o  c o v e r  t h e  f i x e d  c o s t s  of  t h e  p i p e l i n e ,  i t  does  n o t  a c c o q p l i s h  t h i s  o b j e c t i v e  
under  c u r r e n t  r e g u l a t o r y  p r a c t i c e .  Under t h e  s o - c a l l e d  Seaboard Formula, t h e  
F e d e r a l  Power Commission a l l o c a t e d  50 p e r c e n t  o f  f i x e d  c h a r g e s  t o  demand and 
50 p e r c e n t  t o  conmodity,  and a l l  o f  t h e  v a r i a b l e  c h a r g e s  t o  commodity. T h i s  
p o l i c y  p e n a l i z e d  d i s t r i b u t i o n  companies w i t h  h igh  l o a d  f a c t o r s ,  and rewarded those  
w i t h  poor l o a d  f a c t o r s .  T h i s  phenomenon i s  d e n o n s t r a t e d  i n  C h z r t  3 .  I s h a l l  n o t  
t a k e  t h e  time t o  exp la in  t h e  ph i losophy  under which t h e  F e d e r a l  Power Commission 
h a s  employed t h i s  a l l o c a t i o n  method, w i t h  i t s  i n h e r e n t  d e v i a t i o n  from p rope r  
economic p r i n c i p l e s .  Happ i ly ,  they a r e  c u r r e n t l y  showing s i g n s  o f  r e v e r s i n g  t h e i r  
d i r e c t i o n  p a r t i a l l y ,  and r e v e r t i n g  t o  a more r e a l i s t i c  economic i n t e r p r e t a t i o n  of 
c o s t  c a u s a t i o n .  

Another  i n t e r e s t i n g  c h a r a c t e r i s t i c  of many r e g u l a t o r y  a g e n c i e s  i s  t h e  r e t e n t i o n  
of o r i g i n a l  c o s t  a s  t h e  b a s i s  f o r  de t e rmin ing  a l l o w a b l e  r e t u r n  ( o r  e a r n i n g s ) .  I n  
such c a s e s ,  no  r e c o g n i t i o n  i s  g e n e r a l l y  acco rded  t o  i n f l a t i o n ,  r ep lacemen t  c o s t ,  or  
market  v a l u e  of F a c i l i t i e s .  The p i p e l i n e s  and u t i l i t i e s  a r e  p e r m i t t e d  t o  ea rn  a 
s p e c i f i e d  p e r c e n t a g e  of  t h e i r  d e p r e c i a t e d  o r i g i n a l  p r o p e r t y  c o s t .  There a r e  many 
o t h e r  r a m i f i c a t i o n s  of  how t h i s  s o - c a l l e d  "rate  base" is  de te rmined ,  and a n o t h e r  
e q u a l l y  l e n g t h y  paper c o u l d  be  r e a d i l y  w r i t t e n  on t h i s  s u b j e c t .  

A s  g a s  demands c o n t i n u e  t o  grow, p a r t i c u l a r l y  i n  b u i l t - u p  r e s i d e n t i a l  and com- 
m e r c i a l  a r e a s ,  i t  w i l l  be f a r  more p r a c t i c a l  and economical f o r  u t i l i t i e s  t o  i n c r e a s e  
o p e r a t i n s  p r e s s a r e s  r a t h e r  t han  c o n s t r u c t  numerous new d i s t r i b u t i n g  l i n e s .  T h i s  w i l l  
r e q u i r e  p i p e l i n e s  t o  i n c r e a s e  t h e i r  o p e r a t i n g  p r e s s u r e s  t o  t h e  e x t e n t  p o s s i b l e ,  
through a d d i t i o n  o f  s u b s t a n t i a l  compressor f a c i l i t i e s .  Already some p i p e l i n e s  a r e  
g i v i n g  s e r i o r i s  a t t e n t i o n  t o  t h i s  f o r t h c o n i n g  p r o b l e a .  I shou ld  remind you t h a t  
underground p i p e l i n e  t r a n s p o r t a t i o n  of n a t u r a l  g a s  is  one of the  most e f f i c i e n t  and 
l e a s t  expens ive  methods of energy t r a n s p o r t a t i o n  y e t  d e v i s e d .  N a t u r a l  g a s  p i p e l i n e s  
t r a n s p o r t  10 p e r c e n t  of t h e  N a t i o n ' s  a g g r e g a t e  i n t e r - c i t y  tonnage of f r e i g h t  move- 
men t s ,  compared wi th  20 p e r c e n t  f o r  t h e  e n t i r e  t r u c k i n g  i n d u s t r y .  

The l a s t  branch of  t h e  g a s  i n d u s t r y  is t h e  one w i t h w h i c h  I am most p e r s o n a l l y  
f a m i l i a r - - t h e  d i s t r i b u t i o n  conpan ies .  Cne p r i n c i p a l  problem i s  l o a d  f a c t o r ,  d e f i n e d  
as t h e  r a t i o  between a v e r a g e  d a i l y  r e q u i r e m e n t s  and peak day r e q u i r e m e n t s .  I n  the 
c l i m a t i c  c o n d i t i o n s  p r e v a i l i n g  i n  my company's s e r v i c e  a r e a ,  t h i s  r a t i o  is  26 p e r c e n t  
f o r  r e s i d e n t i a l  h e a t i n g ;  a r e s i d e n t i a l  h e a t i n g  customer u s e s  f o u r  t imes a s  muzh gas  
on t h e  c o l d e s t  w i n t e r  day a s  h i s  ave rage  d a i l y  use .  With t h e  s u b s t a n t i a l  growth 
i n  g a s  h e a t i n g  d e s c r i b e d  p r e v i o u s l y ,  t h i s  means t h a t  d i s t r i b u t i o n  companies have 
s u b s t a n t i a l l y  lower summer g a s  r e q u i r e m e n t s  t han  i n  w i n t e r .  U n l e s s  some method 
i s  employed t o  use t h i s  u n r e q u i r e d  summer gas  p r o f i t a b l y ,  s i n c e  they  must pay f i x e d  
demand c h a r g e s  t o  t h e  p i p e l i n e  th roughou t  t h e  y e a r ,  t h e  f i n a n c i a l  p i c t u r e  of most 
g a s  d i s t r i b u t o r s  s u f f e r s  s u b s t a n t i a l l y .  There a r e  t h r e e  g e n e r a l  approaches  t o  t h i s  
problem. F i r s t ,  .we t r y  t o  s e l l  g a s  on a f i r m  b a s i s  for a p p l i c a t i o n s  which have 
t h e i r  g r e a t e s t  reql i i rement  i n  t h e  summer, such  as a i r  c o n d i t i o n i n g  and swimming 
p o ~ l  h e a t i n g .  U n f o r t u n a t e l y ,  t h i s  i s  g e n e r a l l y  on ly  a v e r y  p a r t i a l  answer a t  
p r e s e n t .  Secondly,  many comoanies ,  i n c l u d i n g  my own, have developed underground 
s t o r a g e  f a c i l i t i e s  nea r  t h e i r  m a r k e t s ,  i n t o  which w e  i n j e c t  g a s  i n  t h e  summer and 
withdraw i t  i n  the w i n t e r  t o  meet t h e  peak r e q u i r e m e n t s .  T h i s  s e r v e s  t h e  d u a l  
purpose of p e r m i t t i n g  us  to t a k e  summer gas  f rom t h e  p i p e l i n e  a t  h igh  l o a d  f a c t o r s ,  

* and t o  meet w i n t e r  peaks w i t h o u t  commi t t i n z  o u r s e l v e s  t o  s u b s t a n t i a l  new inc remen t s  
of p i p e l i n e  f l o w  gas  w i t h  a d d i t i o n a l  f i x e d  demand payments and take-or-pay p r o v i s i o n s .  

The t h i r d  a l t e r n a t i v e  i s  t o  s e l l  g a s  to l a r g e  ccmmercial  and i n d u s t r i a l  
e s t a b l i s h m e n t s  on a n  i n t e r r u p t i b l e  or off-peak b a s i s .  Such cus tomers  u t i l i z e  Coal ,  
o i l ,  propane,  or  o t h e r  a l t e r n a t i v e s  when they a r e  i n t e r r u p t e d  and canno t  have n a t u r a l  
g a s .  S i n c e  our payments to t h e  p i p e l i n e s  under t h e  demand coaponent  of t h e  r a t e  a r e  
f i x e d ,  t h e  on ly  measurable  i n c r e m e n t a l  c o s t  of g a s  f o r  s u p p l y i n g  t h e s e  customers  i s  
t h e  commodity c o s t .  Any r evenue  o b t a i n e d  from such  customers  over and above t h e  
commodity c o s t  of t h e  g a s  which they u s e  r e p r e s e n t s  a c o n t r i b u t i o n  t o  p re - t ax  e a r n i n g s  

i 
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I n t e r r u p t i b l e  an3  o f f -peak  g a s  i s  g e n e r a l l y  s o l d  i n  v igo rous  p r i c e  c c m p e t i t i o n  w i t h  
o t h e r  f u e l s .  If r e g u l a t c r y  p o l i c y  fo l lowed  economic p r i n c i p l e s ,  and a s s i g n e d  c n l y  
v a r i a b l e  c o s t s  t o  t h e  comaodity component of p i p e l i n e  r a t e s ,  t h e  commodity cha rges  
would be lower ,  and our c o m p e t i t i v e  p o s i t i o n  i n  t h i s  marke t  would be  improved. L e t  
me emphasize c l e a r l y  t h a t  our company s e l l s  g a s  t o  i n t e r r u p t i b l e  u s e r s  on ly  when 
excess  g a s  i s  a v a i l a b l e  f o r  which no more d e s i r a b l e  a l t e r n a t i v e  e x i s t s ,  and the  
d a i l y  amounts of gas  for  which we c o n t r a c t  w i t h  our  p i p e l i n e  s u p p l i e r s  a r e  de t e rmined  
e x c l u s i v e l y  by t h e  demands of year-round cus tomers .  

For d i s t r i b u t i n g  ccmpanies ,  o p e r a t i n g  c o s t s  can a l s o  be d i s t i n g u i s h e d  between 
f i x e d  an? v a r i a b l e  components.  C e r t a i n  c o s t s  a r e  c o n s t a n t  r e g a r d l e s s  of  t h e  amount 
Of g a s  used  by the  cus tomers .  Cjther c o s t s  a r e  v a r i a b l e  depending upon customer 
usage.  T h i s  i s  the  economic j u s t i f i c a t i o n  f o r  t h e  t y p i c a l  b l o c k  r a t e s  used by g a s  
u t i l i t i e s ,  under which l a r g e  u s e r s  ea rn  p r o g r e s s i v e l y  lower c h a r g e s  pe r  u n i t  o f  
consunp t ion .  U n f o r t u n a t e l y ,  i n  many p a r t s  o f  t h e  coun t ry  t h e  d i f f e r e n t i a l  l e v e l s  
of t h e s e  v a r i o u s  b l o c k s  canno t  r e f l e c t  r e a l i s t i c a l l y  t h e  p rope r  a p p l i c a t i o n  of 
eco,nomic and c o s t  p r i n c i p l e s ,  To do  so woald r e q u i r e  the i m p o s i t i o n  of s u b s t a n t i a l l y  
h ighe r  c h a r g e s  i n  t h e  i n i t i a l  b lock  of  consumption, and r e q u i r e  h i g h e r  minimum b i l l s  
per  month, than is  o r d i n a r i l y  p a l a t a b l e  f o r  r e g u l a t o r y  b o d i e s  s e n s i t i v e  t o  the  s o c i a l  
p r e s s u r e s  of t h e  v a s t  numbers of small u s e r s .  

Much r e g u l a t o r y  a t t e n t i o n ,  b u t  l i t t i e  a c t i o n  s o  f a r ,  i s  a l s o  be ing  accorded t o  
t h e  q u e s t i o n  of manage r i a l  e f f i c i e n c y .  Presumably,  a u t i l i t y  which i s  e f f i c i e n t  i n  
p r o v i d i n g  s u p e r i o r  s e r v i c e  a t  low c o s t s  t o  t h e  maximum number of p o t e n t i a l  customers  
shou ld  be e n t i t l e d  t o  h i g h e r  e a r n i n g s  ( r a t e  of  r e t u r n  t imes r a t e  base )  than a 
company which f u l f i l l s  t h e s e  d e s i r a b l e  o b j e c t i v e s  l e s s  s a t i s f a c t o r i l y .  I hope and 
a n t i c i p a t e  t h a t  t h i s  concep t  w i l l  be more g e n e r a l l y  r ecogn ized  and employed i n  
r e g u l a t o r y  d e c i s i o n s  i n  t h e  f u t u r e .  

Another s i g n i f i c a n t  economic problem f o r  many gas  d i s t r i b u t i n g  companies is  t h e  
impact of  i n f l a t i o n  upon t h e i r  i nves tmen t s ,  where s t a t e  r e g u l a t o r y  commissions s t i l l  
employ o r i g i n a l  c o s t  f o r  a p a s t  p e r i o d  a s  t h e  b a s i s  fo r  d e t e r m i n i n g  a l l o w a b l e  
e a r n i n g s  f o r  t h e  f u t u r e .  The t r e n d s  toward s u b u r b a n i z a t i o n  and l e s s  d e n s e  customer 
c o n c e n t r a t i o n ,  combined w i t h  h i g h e r  u n i t  i nves tmen t  c o s t s  because  of  i n f l a t i o n ,  have 
g e n e r a l l y  i n c r e a s e d  t h e  average investment  p e r  customer of g a s  companies.  Th i s  
n e c e s s i t a t e d  ( u n t i l  r e l a t i v e l y  r e c e n t l y )  r e l a t i v e l y  f r e q u e n t  r a t e  i n c r e a s e s  t o  
consumers.  The b e s t  s o l u t i o n  t o  t h i s  problem i s  v igo rous  and e f f e c t i v e  s a l e s  
promotion t o  i n c r e a s e  t h e  amounts of  g a s  used by each  cus tomer ,  s o  t h a t  t he  h ighe r  
i nves tmen t s  w i l l  be  u t i l i z e d  more f u l l y  th roughou t  t h e  y e a r ,  t h u s  p r o v i d i n g  more 
s a t i s f a c t o r y  c o n t r i b u t i o n s  t o  e a r n i n g s .  

What are  t h e  c h a l l e n g e s  t o  r e s e a r c h  and technology i n  t h e  economic problems 
o f  t h e  g a s  i n d u s t r y ?  
o f f e r  g r e a t e r  economies t o  consumers,  and p r o v i d e  more e f f e c t i v e  r e s o u r c e  u t i l i z a t i o n  
f o r  t he  e n t i r e  Nation? 

What r e s e a r c h  advances w i l l  improve t h e  i n d u s t r y ' s  e f f i c i e n c y ,  

L e t  me s t a r t  aga in  w i t h  e x p l o r a t i o n  and p roduc t ion .  A t  p r e s e n t ,  we c a n ,  through 
s e i s m o l o g i c a l ,  g e o l o g i c a l  and geophys ica l  p r o c e d u r e s ,  l o c a t e  presumably f a v o r a b l e  
underground s t r u c t u r e s ,  b u t  w e  can n o t  t e l l  ( o t h e r  t han  by d r i l l i n g  an  expens ive  
h o l e )  whether t h e r e  w i l l  be  hydrocarbon accumula t ions  encoun te red .  Research is 
c o n t i n u i n g  u s i n g  geochemical approaches,  and some expe r imen t s  w i t h  l a s e r  beams, b u t  
i t  would be a massive s t e p  forward i f  a method e x i s t e d  t o  de te rmine  whe the r , t he re  
were indeed hydrocarbons l o c a t e d  many thousand f e e t  benea th  t h e  e a r t h ' s  s u r f a c e .  

Techno log ica l  improvements are  c o n t i n u a l l y  needed on d r i l l i n g  t e c h n i q u e s  and 
w e l l  comple t ion  methods,  a s  e x p l o r a t i o n  goes deepe r .  E x p l o r a t i o n  i n c r e a s i n g l y  
i n v o l v e s  w e l l s  20,000 f e e t  deep  o r  more. 
i n  d r i l l  p i p e ,  more e f f i c i e n t  and l o n g e r - l a s t i n g  b i t s ,  and cement which w i l l  n o t  
s e t  t o o  q u i c k l y  and w i t h  s u f f i c i e n t  permanent s t r e n g t h  a t  h igh  t empera tu res  (4000+). 
The e n t i r e  s c i e n c e  of mud f o r m u l a t i o n  is amenable to  f u r t h e r  r e s e a r c h  and t e c h n o l o g i c a l  

A t  such d e p t h s ,  we need g r e a t e r  s t r e n g t h  



advance.  Mud s e r v e s  t h r e e  b a s i c  purposes:  i t  l u b r i c a t e s  and c o o l s  t!ie d r i l l  b i t ,  
i t  removes p i e c e s  of ground-up rock  f o r m a t i o n  from the  h o l e ,  and i t  s e a l s  off any 
f o r m a t i o n s  through which d r i l l i n g  h a s  p e n e t r a t e d .  In  many f o r m a t i o n s ,  e x i s t i n g  

means of f r a c t u r i n g  f o r m a t i o n s  a r e  needed,  t o  f a c i l i t a t e  e x t r a c t i o n  of hydrocarbons 
w i t h o u t  damaging the r o c k  s t r u c t u r e .  

,. muds do n o t  a lways s a t i s f a c t o r i l y  perform these  t h r e e  f u n c t i o n s .  More e f f i c i e n t  

I t  a p p e a r s  t h a t  f o r e s e e a b l e  advances i n  gas  t r a n s p o r t a t i o n  a r e  l a r g e l y  problems 
of  e x t e n d i n g  e x i s t i n g  t echno logy ,  r a t h e r  t h a n  deve lop ing  new t e c h n i q u e s  or  conduct ing 
a d d i t i o n a l  r e s e a r c h .  I t  is  l i k e l y  t h a t  l a r g e r  d i ame te r  l i n e  p i p e  ( p e r h a p s  42" o r  
48") might  be d e s i r a b l e .  More l i k e l y  is t h e  p r o b a b i l i t y  of u s i n g  e x i s t i n g  p i p e  
s i z e s  a t  h ighe r  p r e s s u r e s ,  which may r e q u i r e  h ighe r  s t r e n g t h  s t e e l s  and more 
e f f i c i e n t  compressors .  The u s e  of gas  t u r b i n e s  f o r  compressor s t a t i o n s ,  now 
becoming i n c r e a s i n g l y  conmon, may  b e  an answer t o  one p a r t  of t h i s  problem. There 
w i l l  a l s o  be c o n s i d e r a b l e  e x t e n s i o n  of t h e  concep t  of complete  au tomat ion  of long- 
d i s t a n c e  p i p e l i n e  sys t ems ,  w i t h  e l e c t r o n i c  d a t a  g a t h e r i n g  and c o n t r o l s  a t  one 
c e n t r a l  p o i n t ,  a u t o m a t i c a l l y  c o r r e c t i n g  p r e s s t i r e s  and g a s  movements f o r  va ry ing  
l o a d  c o n d i t i o n s  a t  any p o i n t  a l o n g  t h e  l i n e .  

J I n  t h e  f i e l d  of  g a s  d i s t r i b u t i o n  and customer u t i l i z a t i o n ,  t h e r e  a r e  many 
a r e a s  where r e s e a r c h  w i l l  b e  i m p o r t a n t .  Much r ema ins  t o  be  done i n  d e v e l o p i n g  
more e f f e c t i v e  and l e s s  c o s t l y  techniql les  for s y n t h e s i z i n g  n a t u r a l  g a s  f rom c o a l ,  
o i l  s h a l e ,  t a r  s ands  and o t h e r  m a t e r i a l s .  The development  of r e l i a b l e  and marketable  
f u e l  c e l l s ,  t o  c o n v e r t  n a t u r a l  gas  d i r e c t l y  i n t o  e l e c t r i c i t y  on r e s i d e n t i a l  premises ,  
i s  s t i l l  i n  i t s  in fancy ,  and major new advances a r e  a n t i c i p a t e d .  The f u t u r e  w i l l  
undoub ted ly  p rov ide  u s  w i t h  new types  of p l a s t i c  p i p e  w i t h  extremely l o n g  l i f e ,  
i n e x p e n s i v e  i n s t a l l a t i o n ,  f reedom from c o r r o s i o n  and chemical  a t t a c k ,  and a b l e  t o  
w i t h s t a n d  i n t e r m e d i a t e ,  o r  even h igh ,  p r e s s u r e s .  The development of more e f f i c i e n t  > 
t h e r m o e l e c t r i c  c o r r o s i o n  p r e v e n t i o n  t echn iques  f o r  s t e e l  p i p e  i s  needed. 

More r e s e a r c h  is r e q u i r e d  t o  deve lop  r e s i d e n t i a l  a b s o r p t i o n  g a s  a i r  c o n d i t i o n i n g  
w i t h  g r e a t e r  e f f i c i e n c y  and lower f i r s t  c o s t .  T h i s  may p o s s i b l y  i n v o l v e  the  deve l -  
opment of b e t t e r  chemical  sys t ems  t h a n  t h e  p r e s e n t  l i t h i u m  bromide medium. G r e a t e r  
combus t i  on eff i c  iency i n  r e s i d e n  t i  a1 a p p l i c a n c e s  , p a r t i c u l a r l y  gas  f u r n a c e s ,  would 
b e  a . m a j o r  s t e p  forward i n  t r u e  c o n s e r v a t i o n  of a v i t a l  n a t u r a l  r e s o u r c e .  
f u r n a c e s  which now o p e r a t e  a t  75 p e r c e n t  e f f i c i e n c y  are t h e  most e f f i c i e n t  o v e r a l l  
way of h e a t i n g  homes, b u t  i f  they o p e r a t e d  a t  85 p e r c e n t  i t  would s i g n i f i c a n t l y  
ex tend  t h e  l i f e  of our a v a i l a b l e  n a t u r a l  g a s  r e s e r v e s .  More r e s e a r c h  i s  needed on 
t h e r m o e l e c t r i c  d e v i c e s  t o  c o n v e r t  t h e  waste  h e a t  of f u r n a c e s  d i r e c t l y  i n t o  e l e c t r i c  
power to o p e r a t e  the  f a n s  and blowers  on warm a i r  s y s t e m s ,  s o  they may be independent  
of o u t s i d e  e l e c t r i c  power and be f r e e  of  ou tages  d u r i n g  s to rms  or c a t a s t r o p h e .  

G a s  

, 

F u r t h e r  advances w i l l  o c c u r  i n  deve lop ing  l e s s  c o s t l y  g a s  e n g i n e s  and t u r b i n e s ,  
and i n  , p rov id ing  more e f f i c i e n t  au tomat i c  i n s t r u m e n t a t i o n  and c o n t r o l  p a n e l s  f o r  
s u c h  u n i t s .  I n i t i a l  e x p e r i m e n t a t i o n  i s  a l r e a d y  be ing  conducted on r emote  meter 
r e a d i n g  u s i n g  t e l ephone  l i n e s ,  b u t  I f o r e s e e  f u r t h e r  advances,  p o s s i b l y  u s i n g  r a d i o  
t r a n s m i t t e r s  and r e c e i v e r s  i n  gas  company p a t r o l  c a r s  d r i v i n g  th rough  neighborhoods.  

I hope I have p rov ided  you a r e a s o n a b l y  comprehensive p i c t u r e  of t h e  c u r r e n t  and ,.- f u t u r e  s t a t u s  o f  gas  u t i l i z a t i o n  i n  t h e  Un i t ed  S t a t e s ,  and of some of t h e  economic 
I a l s o  t r u s t  

t h a t  some of t h e  c h a l l e n g e s  t o  r e s e a r c h  and technology which I have mentioned w i l l  
e x c i t e  your imag ina t ion .  We need t h e  a s s i s t a n c e  of a l l  t y p e s  of  s c i e n t i s t s  throughout  
t h e  c o u n t r y  so t h a t ,  i n  t h e  consumer i n t e r e s t ,  w e  can improve t h e  performance and 
e f f i c i e n c y ,  and lower t h e  c o s t s ,  of our  N a t i o n ' s  f i f t h  l a r g e s t  i n d u s t r y ,  t h e  n a t u r a l  
g a s  i n d u s t r y .  

' problems a f f e c t i n g  a l l  p h a s e s  of t h e  i n d u s t r y  from wellhead t o  consumer. 
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I '  
C h a r t  1 

Cooking Fuel  in the  U.S., 1940-1960 

Gther  o r  T o t a l  Occupied 
None Dwell ing Units  -- Gas(a) 

Num5er ( 0 0 0 ' s )  

1940 1 7 , 0 2 6  1 7 , 8 2 8  34,854 

1950 25,502 17 ,324  42,826 

1960 33 ,730  1 9 , 0 8 2  52 ,812  

P e r c e n t  

1940 

1950 

1960 

49 5 1  100 

60 40 

64 36 

( a )  I n c l u d e s  b o t t l e d  g a s .  
\ Source :  1960 U . S .  Census of Housing 

100 

100 
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Chart  3 

. 
\ 

E f f e c t  of Two-Part Rates  and Seaboard 
Formula on Average Cost of G a s  

1. Assume a f i c t i t i o u s  p ipe l ine  with: 

maximum d a i l y  capac i ty  of 2,003,000 MCF 
. annual s a l e s  of 500,000,000 MCF 

f i x e d  c o s t s  of $80,000,000 
v a r i a b l e  c o s t s  of $70,000,000 

"True Economic" Rate 

$3.333/MCF/mo. demand 
plus 14.OC/MCF commodity 

2.  Assume two d i s t r i b u t i n g  u t i l i t y  customers with: 

200,000 MCF/day demand 
90'ib load f a c t o r  

$ 8.000.000 
9; 184,000 

$17,184,000 
65,600; 000 

26.15 

$ 4.000.000 . .  
14 432 '000 

$18.432.o00 
65,600,000 

28.15 

"Seaboard" Rate 

$1.667/MCF/mo. 
plus  22.OC/MCF 

200.000 MCF/day demand 
50% load f a c t o r  

"True Economic" Rate 

Demand 
Commodity 
Tota l  Cost 
Tota l  Purchases 
C /MCF 

"Seaboard" Rate 

Demand , 

",modi t y  
Total  Cost 
Total  Purchases 
C/MCF 

$ 8,000,000 
5,096,000 

$13,096,000 
36,400,000 

35.95 

$ 4,000,000 

36,400,000 
33.00 

I '  
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ECOITOOEXCS OF TEE UTIL~L4TIOPI OF ELECTRICI'Ff 

E. P. COOL 

WESTIPG3OUSE ELECTRIC CORPORI~TIGPI, EAST PITTSBLRGH, PENJJSYLVAKU 

E l e c t r i c i t y  i:: n I iL~h ly .  sophistica.te?. and soaewhat a b s t r a c t  form of energy. 
Once pro,5.uce.i, u o u d i y  Irorii some source o:? tl.iei-f&L enei-27, e l e c t r i c i t y  e x i s t s  but 
a f r a c t i o n  oi 2. secojl.! before b e h z  conswxd i n  usefu l  work. ASout 35 t o  40 per- 
cen t  of t h e  oriSina1 t:>emal eilerzr .reaches t h e  dtimn-te consumer. 
pet.it.ive adw.nta;e 0-; t h i s  s l t u a t i o n ,  css and oil i n t e r e s t s  a r e  cur ren t ly  pro- 
!::o'cin;; 'Le coneelst 0:: C.ei.ivery o:Y enerzp 5.n -?oss!.l f u e l  fonn t o  t he  ConsuIIier, 
wiL: i  on-s.i.te coi1vcrsLoil t o  e1ectr-i-cal ei ierg.  
nom.,dly vaste.3 i n  -Li)ie conversPon process , permits ove ra l l  t heo re t i c s1  eSfj.cien- 
c i e s  ziJpr'oa.cilinL $0 percent.. 
v:xc'c .?Oi-:., 0.- ener,;;. -to llse at the poill-t 0:; ut,il-izal;ion, 'out, if -the choice i s  
e l - ec t r i c i ty ,  T,,C:e-L>ey ho pl1i-ci~.?.se it d.irec-Lly o r  t o  produce it il..i.r!lself. 

Taiiinc com- 

Judic lous  use of thexmal energy, 

The user o:l' enerLy mist the re fo re  deci6.e not o n l y  

. 

T:!e c;~oic-. 0; dec.krj.cj.-Ly st %;>.e l io?-at of u:ti!.ization i s  mandat,or;- for those 
3.evices Siat ,.?.qcii?. on Yfie p e c u l i a r  cha rac t e r i s t i c s  of elr. -?.city, su-ch as e lec-  
t r o n i c  Cevices ail:;. c!.ocls. 
f i r e  i s  not  coI1Venlei1t ?OY such 3.evices as t o a s t e r s ;  i rons ,  snidl motors and 
i n t e r i o r  L!.:ht.;. Econorr~ics ?-.a;. !!iet,ste the cho:;ce of e l e c t r i c i t y  o r  other enei-pj 
smi.rces fo i*  hcakiil; r o l : ~ . i  co013.n~ -!.ev-ice:j an?. h r z e  r o t a t i o n a l  looris. 

E l e c t r i c i t y  :my be chosen sir.zply because builclinz a 

Canveiiielr.ce c s  ire11 as econoci:ics, C c t a t e s  t h a t  e l e c t r i c i t y  be purchased 
for use r s  02 relative1.y small quan t i t i e s  of energ[ such 8s  residences and small 
cornii.eic<.al establishaen-ts . For. l e r g e  users  OF enera ' ,  such es  i n d u s t r i a l  p l an t s  
and some lai-ze builribngs, economics i s  .the over-ri3.ini: c r i t e r i o n  Cor deciding 
whether t o  purchese e l e c t r i c i t y  o r  to Generate -it l o c d l y .  

The r eminde r  of th i s  paper  i s  -levoted t o  two p resen t ly  it?por'cant areas of 
e n e r y  source co;np&~ftion: :T-irst, t he  economics of l o c a l  generation ins tead  OC 
Turchased. e l e c t r i c i t y  :?or coimerc ia l  builrJinZs, and secon-I., t h e  u t i l i z a t i o n  oi' 
e l ec t i - i c i ty  for enviroment  cond.itionin;. 

An i s o l c t e d  zeneration system cu r ren t ly  being psomoted for ener,v supply t o  

The zeneration suypl ies  l i s h t i n g ,  
The waste hea t  recovery 

cormercial bu-i 1.1.in;s c o n s i s t s  of 2z.s turbi.ne or naturd .  gas engf-ne senera t ion  
conbinec? rrith D means of Tmste heat recoveiy . 
i:?otor, and. o ther  a i sce l laneous  e l e c t r i c  equipment. 
equipment su2plies m r i o u s  thermal. requirements such as hot we.ter,heatin& and 
steam absorp t ion  refriLerat.tion machines Yor air conditioning. Tie economics vi11 
f avor  i so l a t ed  zenerntion o n l y  i f  t h e  e n e r u  cos t  saving affort1.e.F. by the  i so l a t ed  
generation systeill, coqxrec? t o  conventional e n e r u  supply, more than  off sets the  
ariditj.ona.l cap i t a l  eipeilditui-es required. for t h e  i s o l a t e d  generating and waste 
heat recovery equipnent. Tne followin:: economic ana lys i s  was perfomed i n  order 
t o  ob ta in  a rou;gh eva lua t ion  OP t h e  i so l a t ed  generation concept. , 

A 64,000 square roo t  o f f i c e  build.j.ne iras se lec ted  f o r  study t o  represent an 
average s i z e  o f f i ce  bui ldin"  r e q u i r i n s  3. t y p i c a l  r a t i n g  of .an i so l a t ed  generation 
plant.  Twelve cizjor c i t i e s  sca,ttered throughout the United S t a t e s  vere studied 
in or?er to  repi-esent d i f f e r e n t  cli izates and r e l a t i v e  rates Tor e l e c t r i c i t y  and 
gas. 
promote6 a t  -the present  time as havinz the S rea t e s t  long-range potential.. 

T ie  s inp le  ~ a s  t u r b i n e  system vzs se l ec t ed  because th i s  system i s  being 

For each of the twelve c i t i e s ,  t he  t v o  bas i c  nethods of e n e r u  supply which 
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e;] as :PoLloi?:;: 

c u-t i l i t?y sqJply5.n;; i-asic e l e c t r i c  londs F.ii'.l. elect,i:.Lc 
on ii!~ch!.nen ?o: c i . ~  condi'tionin2. G a s  n t i l i t y  suL3ply- 

Conven6iox.l: 

Is  alate,;. Geiic j:?,'i. io;-> : Gas u t i 1  it,y suppl . sas tur'nine ;;enerator uni'is, 
uhic'i i n  tl1.!:il. su?yly e l e c t r i c i t y  -01' t h e  ba,s:lc e l e c t r i c  1oad.s; and, 
'21irovgIi a .,ieste q,ply stennl >?or henti;;;, hot. F r x t c I ' ,  s-teaiii 
eb sar$:loi: .:.e:-zi ies :;or eir c o n d i t i o n i l ~ ~ ,  an:;. o ther  
c:iscellancoun iises . All e l e c t r i c  !.oai:.s are suppliec? at  e freqL1.ency o f  
60 c.p.s.  

n r  IIX isolste,.l ;eiielation nys'cen consizts  o:: two noimzlly operat ing turbine 
C;eneratoy r,et,s i r i th  n this:]. s e t  used. as c qmiie. Generating frequency i s  60 
circles 1" per secon.1. 
folloiiin; cond..it.ioiis: sea l.evel, 70" F. ii-det eir -i;eiiipel~ituie, tvo inches 0:- 

.,,Le? - 

Ener! 2: Cost Aii?ll;ses 

Ez.Ci? turbine Senera-Lor s e t  i s  r a t e 6  E t  2511 131 with t h e  

inlet ;~xesnm:e Loss, an,.?. e i > t  inches o r  i7atei- exhaust p?:'essu_re l o s s .  

411 of the e i . i e r 3  cos t  analyses Irere ezfie using i? spec ia l  ? i g i t a l  coinputer 
grograzi ievelppe.2 ::~r  at puiyose .1 
puter 2rop?,i:i is shown i n  FiZu1-e 1. 
e l e c t r i c a l  loa lh  i n  t h e  building basell on hourly schedules of bui ld ing  usages, 
buj.ldin5 p h y s i c d  c l ia rec te r i s t ics ,  boiii-ly solzi- anzles  and r a d i a t i o n  i n t e n s i t i e s  
an?. complete h o ~ r l y  ver ther  &aka ior each 02: t he  c i t i e s .  
ava i lab le  in csr3. O i m  ! m p e t i c  tape Porn C'i-o~i the United S t a t e s  Weather Records 
Center. Once the  I10ui'ly 1oad.s a r e  synthesize3, the  program s i m u l a t e s  the  opera- 
t i o n  OC "ne convexLional or on-si te  e n e r a  su2pl;i system i n  or%ey t o  c d c u l a t e  
hourly inpu-t enerE=; requirei:ients. Tie lo s t  s t e p  i n  the  pro5rar.i i s  t o  appljr- cpe- 
c i f i c  u t i l i t y  r n t e  schedules t o  the i n p t  enerLy r e q ~ ~ i r e m e n t s  i n  order t o  de te r -  
mine monthly epez-zr c o s t s .  This procram i s  coded for use on an I.B.M. (Inter- 
national Business I<achines) 7094 d i g i t a l  cos!pu-.ter.. 

A simpli:?ie,i l o g i c  flow cliegam of the colil- 
The program synthesizes  -the hourly steam and 

The weetine!: date is 

Annual Ovning and OperstinC; Costs 

Aci?.itional equiprent  required f o r  the  isolaterl  enei-ar su-pply system i s  
l i s t e d  i n  Table 1. TIJO se t s  of cost  -fi$u.es a r e  includeci.: p resent  pieces  based 
on current  price estinia-tes, an3. pred-ictecl p r i c e s  based on the : isolate3 generat ins  
concept achievin;; sc.;"ficient acceptance t o  r e s u l t  i n  hizh volume production oi" 
cae gas txrbines. L 7  

The annual c o s t s  of the  c a p i t a l  expenciitures required by the i s o l a t e d  genere- 
t i o n  system are based. on 8 c a p i t a l  recovery i a c t o r  o_' 8.7 percent  vihich, i n  tu rn ,  
i s  base,d on an amor-tization period of 20 years  and a r e t u r n  oi" s i x  percent  on the  
un:lepreciated j.nvez'i.:nen'i.. 
insurance.  'Elus t he  aiinual f ixed  charze ra-te i s  11 .2  percent .  

An ad-d-itional 2.5 percent  i s  inclv.ded Cor t axes  and 

Tie t o t a l  annual o:min; and operntin; COS-t, e::clu.ding f u e l ,  of the isolated 
system i s  the  sw.! oln the  f ixed charges end the  riiaintenance cos ts ,  as l i s tec i  i n  
Tvble 2.  
c ia ted  with the on-s:lte systen.  

Thf.s cos-t is then t o  be co[;?i>8,re;l vi'ih 'the saving. i n  e n e r a  cos t  zsso- 

Economic Results 

Tile r e s u l t s  of this econoniic analysi:; el-c shown Z r a p h i c d l y  by Figure 2. 
T:;e bel- 2re.piIs' represent tile savin;: i n  a n n u d  Cost O f  ti?c i s o l a t e d  generation 
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/ 

system c0ii;pai.e::. t o  t h e  conventional cyshi1. P>.e h o r i z o n t d  l i n e s  represen-t the 
increase i i i  o~nij.ny enJ. opezatiilC costs  (cxcluil.ing -bel) charzealde t o  the i so -  #,, 

1 late,;. -enerpb"iion system. 

l%e r e s d t s  s:.~oir t h r t  t h e  i s o l a t e %  senera t ion  concept i s  not the economic 
choice i n  a n y  of 'die t ve lve  c i t i e s  when consid.erin@ present  p r i ce  esti inates.  

he tilie economic clioLce foii t h i s  bu.il6.ing i n  C?icazo end Atlanta and v o d d  be 
i.mrEi:ial i n  bli.nncapolis st. h u i s  all.', Jsc!rsonville . 

, Using pre?.icte<. Pnture production pi-ices, .the isolateci  Zenemtion concept would 

ELECTRICITY FOR ~ ~ O ~ ~ ~ T T l ?  CONDITIONING 

I Elec t r i c i . t g  i-my be ii.tflized for enxrironiiient cond.itionine i n  two kas i c  nian- 
ners .  E l e c t r i c a l  e n e r s  ixay simply be converted beck t o  thermal e n e r a -  end 
3 r e c t l y  used Tor space iieatinC. 
p l i s k 5  at. 100 percent e f f i c i e n c y  , t he  ove ra l l  e f f i c i ency  fron the  thermal e n e r a  
a t  t h e  paver $ant  t o  t he  u t i l i z a t i o n  poin t  remains a t  35 t o  40 percent.  Thu.s it 
i s  , i i ;"f icul t  f o r  e l e c t r i c i t y  t o  compete on a s t r i c t l y  e n e r a  cost  b a s i s  with B 

i 'ossil  fuel :;ystei-'! having an ove ra l l  e f f i c i ency  of about 65 percent.  
a t i o n  i s  sCemonstrate3 by Figure which silows '& number o f  c i t t e s ,  out of a 
se1ecte:i sa:.iole o? 26, Ziat have the  iiidicated r a t i o s  of gas hea t in s  cos t s  t o  
e l e c t r i c  hea t in2  cos t s  :?or residences.  The cos t  r a t i o s  apply t o  energy on ly  and 
assume an o v e r d l  gas system e f f i c i ency  0.; 65 percent,  and t h a t  a 10 percent 
savings can be redizei:  v i t h  the e l e c t r l c  hea t ing  system through t h e  use of 
ciive r s icied. 'iemperc?ture con t ro l  - 

Even thoush t h i s  e n e r w  reconversion is  accom- 

,"I 
1 This s i t u -  

\ One must be ami-e,  of course, that the total economic p l c tu re  includes f i r s t  
cos t s  of tihe s y s t e m ,  6.ilferentia.l s t ruc tu re  cos t s  and maintenance costs ,  all of 
which tend t o  l"avor e l e c t r i c  res i s tance  heatin: over a f o s s i l  fuel system. This 
is  subs t an t i a t ed  hy t h e  fact tiiat e l e c t r i c  res i s tance  heating Fs quite  comnonly 
u t i l i z e ?  i n  ce r t a in  areas of .mild climates,  where, regard less  of t he  competitive 
r a t e  s i t u a t i o n ,  t o t a l  hea t ing  ener&y b i l l s  are r e l a t i v e l y  low. 

E l e c t r i c ?  t y  i s  a uniquely convenient means of supplying ro t a t iona l  loads 
over a complete spectrum of ma@.tudes. 
zSn,c e l e c t r i c i t y  _;or environment con3itionins i s  t h r o w h  tne  use of e l e c t r i c  
motor-driven r e r r ige ra t ion  compressors. These devices may be e i t h e r  r e f r i e e r a -  
t i o n  u n i t s  j u s t  :or cooling, or heat  pumps for hoth iieating and cool int .  

Consequently tine second means of u t i l i -  - 

E l e c t r i c  motor-?.riven r e f r i g e r a t i o n  u n i t s  compete qui te  fevorably with any 
o ther  type of coolins on t h e  b a s i s  of f i r s t  cos t s  and operatin2 costs .  
f o r  example; t h e  300-ton steam absorption an6. e l e c t r i c  dr ive c e n t r i f u g d  r e f r i g -  
e r a t i o n  machines studied i n  conjunction with t h e  i so l a t ed  generation system 
reported previously i n  this paper. Tae steam absorption machine, compared t o  t i e  
e l e c t r i c - d r i v e  iliachine, requi red  7.25 times as much e n e r u  t o  the machine i t s e l f ,  
25 percent nore aux i l i a ry  power, and cost  over 1.5 d o l l a r s  per ton  more i n  f i r s t  
cos t .  Econornicdly j u s t i f y i n g  tihe steam absorption machine would be d i f f i c u l t  
unless t he  steam or f o s s i l  fuel were very inexpensive by-products of another 
process,  or t i e  e l e c t r i c a l  e n e r g  vere unusually expensive. 

Consider, 

The heat pmp inproves,  t o  a considerable extent ,  t he  a b i l i t y  of e l e c t r i c i t y  
t o  coiiipete u i t i ' j ? o s s i l  f u e l s  on t h e  'oesis of hea t ing  energy cost .  This reverse- 
cycle r e f r iLe ra t ion  u n i t  permits t h e  u t i l i z a t i o n  ol" f r e e  heat a m i l a b l e  from such 
mecliums as t h e  ouiside a i r .  A typj-cal  peri'ornance f a c t o r  for a r e s i d e n t i a l  air-  
source heat, pun?  Is two. This  may be considered. t o  be an a n n u d  e f f i c i ency  of 
200 percent,  consid.erin5 e l e c t r i c i t y  as the  oriLy chargeable input e n e r u  source. 
The r e l a t i v e  s ign i f icance  of t h e  heating e n e r a  cos t  f o r  a r e s i d e n t i a l  hea t  p u p  
may be seen by F i p r e  3B. .Since t h e  heat purnp i s  a cen t r a l  system, no savings i s  
assumed f o r  6.iversi:f-ied tenpera ture  control .  Note tiiat the heat pump i s  
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The i.soieti-.:. ,enc!ntiion ana!.ysis presei1t.e;. i n  t h i s  paper. is but one of many 
:>e:-:To:cm3 by t?-e a&&Oj: on S u i l i l i n ~ s  i*znZink i n  sl.7,e ??on? uxkr 100,000 square 
Ceet to ove; 5OO,OOO square f e e t . 1  Isole'ied senerat ion has not pi'over!. t o  be t i e  

eiiJ&ky econo;J-i.c choice 3.3 any of thme stixites. For isolated Ccneration Lo 
been ecoiiotii;.cal. :.roiiid have requY.re6. a. highei- .than usua l  .thei%ial load fac tor ,  

am.-', e i t h e r  none OF r e l e t i v e l y  ~ O T J  :ain.acial re-turn required on t h e  ?.d?it,lonal 
c a F l t a l  e:.:peniitu.i-e. 

E1ecC.rj.c resistance heat ing i o  not. C;eneral.ly t h e  economic choice of space 
he.at5.n;; enerL7 soui-ce i n  arens with an odequuatc supply of F o s s i l  f u e l s .  
of the  ecoiioliiics; hovevei', e lec t i - ic  Yeatiny i s  ;:-OIJ~II~ i n  use, oeeninSly because 

E l e c t : - i c ? t y  i s  'cbz cconoriic choice i n  riian!; arezs over. fossil f u e l s  ?or environ- 
riont hezLii7; enc1. ccolj.nc tilrov.C;h the  use of e heat  p ~ ~ p .  

I n  s p i t e  

ieJ e-L'"ects of Lei ierd desirability ant! at l e a s t  acceptable costs.  

. 

1. "Fuil:%ing L o e . 1 ~  and. EnerLy Su.pply Sinli?lntion," 3. F. Lawrence, R. F. Cool<, 
.4. i). Pati.o;l, IZEE ProceedLncs T-151, 1363, pp. 304-325. 
i n  the IEEE Ti-aiisections. 

To be published 

2. "Economics of On-Site Generation,'' R. F. Lawrence, 3. F. Cook , Proceedinys 
of the  1963 hie;-ican Pover Conference. 
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T.43r.E 1 - IS0Lfi.m TIOX EQUPiWNl‘ COSTS /- --- I 

TCTf‘L CGSTS FOR QU.4NTITY RE&ZED 
Quant i ty  Present Production 9 

TCC-fiL S 250,100 $ 160,400 -1 

elieraior set c o n i ~ l e t e  u i t h  3 $ 173,800 $ 96,300 I 

n;: arrangemeilt, p r o k c t i o n ,  I 

5i;let r , i i  cooler  ( e m F o r a t i - e )  

Ite!ii 

C ita1 Recovery 
Taxes and Insurance 

- 
1 

2 

Present Production 
Cost c o s t  

$; 21,500 
5,200 

$ 14,000 
4,000 

T(YC74.L FIXXI COST q 28,000 5 18,000 

Turbine lbintenance 3 1, so0 1,200 

TOT”lL i?INJ>L COST EXCLUBDTG FWL $ 29,800 $ 19,200 

’ 1. s i x  percent r e t u n ,  Z O - y e a r  depreciation: 0.75‘. 
2. 2.55 
3. $;.15/turi,ire hour  - Fresent cos t  

$ . l / tu rb ine  ilour - production cos t  
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EL ECTRlC 
RESISTANCE 
HEAT 

A 

0.5 I .o 1.5 2.0 

ELECTRIC B 

HEAT PUMP 
HEAT 

I I  I I I I I I I I  I 
0.5 I .o 1.5 2.0 

GAS HEATING COST/ELECTRIC HEATING COST 

Fig. 3. Rat io  of gas heat ing cos t  t o  e l e c t r i c  
heat ing cost for 26 U.S. c i t i e s .  
heat. B - Heat pump heat.  

A - Resistance 
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PREPARATION OF BIODEGRADABLE SYNTHETIC 
DETERGENTS FROM LOW-TEMPERATURE LIGNITE TAR 

11 John S. Berber ,  Robert  V. Rahfuse, and Howard W. Wainwright 
:t 

i 
U.  S. Department of the Inter ior ,  Bureau of Mines 

Morgantown Coal Research Center ,  Morgantown, W. Va. 

INTRODUCTION 
,' - 
'1 , 

" \ 

Search for  biodegradable synthetic detergents f r o m  low-temperature ta r  
is par t  of a broad research  program on low-temperature coal t a r  by the Bureau 
of Mines, U. S. Department of the Interior.  Fundamental  objectives of this 
research on t a r s  resulting f rom the low-temperature carbonization of coal a r e  
to (1)  character ize  these t a r s  in some detail ;  ( 2 )  investigate means  of upgrading 
them economically into marketable  products;  and ( 3 )  obtain information that can 
increase production of coal for  u s e  in carbonization through establishment of a 
coal-chemicals industry based on the utilization of low-temperature ta rs .  

\ 

1 
,. 

i' 
< 

Synthetic detergents in waste water is  a controversial  topic. Branched- 
chain alkylbenzene sulfonate (ABS), t h e  principal surfactant used in detergents,  
is difficult to  remove f rom waste water  because of its resis tance to  biological 
degradation. 

country and abroad on producing a "soft" type of ABS ( 3 ) ,  one that i s  more  easily 
degraded by the bacter ia  present  in  sewage plants t h a n i s  the conventional ABS. 
Conventional ABS consis ts  of a mixture of mono-substituted benzenes, the alkyl 
substituent being highly branched, e .  g. : 

Conventional ABS is also being blamed for  many sewage plant foam- 
t ing,problems (12). As a resul t ,  extensive r e s e a r c h  is being conducted in this 

I CH3 
I 

CH3 
I 
I 

CH3 I 
I 

CH3 
I 
I 

- C - CH2 -CH2-C - CH2-CH 

CH3 CH3 CH3 

and 

I 

:- L * No evidence has  been found of the presence of methylene chains exceeding three 
carbons.  "Soft" ABS, on the other  hand, has  l e s s  branched alkyl chains than the 
old "hard" ABS and contains methylene chains exceeding three carbons,  e .  g. : 
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-(CH,),,-CH, and -CH-(CH,)9-CH, . 
I 

CH3 

Low-temperature lignite neutral  oil  f ract ions contain a s  much as 17 to  20 
percent alpha olefins in addition to t rans- internal  and te r t ia ry  ones (2). 
olefins a r e  valuable a s  charge stock for  the synthesis of alcohols, acids ,  and sur -  
factants for  detergents. Other Bureau scient is ts  have demonstrated the feasibility 
of producing alcohols (A). This repor t  covers  laboratory-scale  research  on the 
preparat ion of biodegradable alkylbenzene sulfonates (ABS) using straight-chain 
olefins extracted f rom a low-temperature Texas lignite t a r .  

These -1 
I 
' f t 

EXPERLMENTAL 

Preparat ion of F e e d  Stock. - The t a r  used in  this study was produced 

The crude t a r  was vacuum distilled (25" Hg) to an  atmospheric 

t 

f rom a Texas lignite carbonized a t  about 9 5 0 ° F  by the P a r r y  carbonization 
process  (2). 
p r e s s u r e  end boiling point of 350" C. 
was chosen because the pitch residue h a s  a softening point of l l O " C ,  the generally 
accepted softening point for  use  of pitch as electrode binder.  

I 

i 

Distillation cutoff temperature  of 350" C 

Under these distil- 
lat ion conditions, yields w e r e  as follows: 

wt pct 
Disti l late.  . . . . . . . .  51. 2 
Pitch . . . . . . . . . . .  43.7 
W a t e r . .  . . . . . . . . .  2.1  
Distillation l o s s e s .  . .  3 .  0 

The disti l late consisted of: 

wt pct 
T a r  acids  . . . . . . . .  31.0 
Tar  bases  . . . . . . . .  3.9  
Neutral  oi ls  . . . . . . .  65. 1 

, 
\ 

1 

'I 

1 

,- 

The t a r  ac ids  and bases  w e r e  removed f r o m  the disti l late - y  conventional caustic- 
acid extraction. 
fraction showed 51.9 pct aromatics ,  37. 0 pct olefins, and 11. 1 pct paraffins. 

A fluorescent indicator adsorption analysis of the neutral  oil  
1 

Urea Adduction. - Stralght-chain olefins and paraffins were  removed from I 

the neutral  oil by the u r e a  adduction method (2, L). 

The general  technique involved thorough mixing of neutral  oil,  u r e a ,  and a 
solvent for  one hour a t  room tempera ture .  Methanol was chosen as the solvent. 
The crystal l ine adduct and excess  u r e a  were  recovered by vacuum filtration and 
washed with 2 ,  2,4-trimethylpentane to remove unadducted neutral  oil components. 
A sufficient amount of water  was added to the c rys ta l s  to decompose the adduct. 
The e ther  solution was placed in a f lask,  and the solvent was removed at room 
temperature  by a s t r e a m  of nitrogen. As shown in Table 1, yields of pure product 
ranged f rom 12. 0 to 15. 0 pct. The extracted mater ia l  was distilled to a n  end tem- 
pera ture  of 300°C.  
olef ins  was considered suitable f o r  detergents.  
showed a strong concentration of alpha olefins with a t r a c e  of branched chains. 

The fract ion 170" to 3 0 0 ° C  containing the C,, to Clb normal 
Infrared analysis of the product 

i 
1 

-7 

1 
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The 170" to 300°C fraction subsequently was analyzed by gas-liquid 
chromatography by an  established procedure (2) .  Table 2 gives the retention 
t imes of some paraffins and olefins, and the i r r e l a t ive  retentions r e fe r r ed  to 
n-dodecane. Volume percentages of the dif- 
ferent compounds were calculated by measuring the peak heights and multiplying 
the resul ts  by the peak width at  half peak height. 
Table 3 .  

Figure 1 i s  the chromatogram. 

Test  resul ts  a r e  given in 

Preparat ion of Alkylbenzenes. - Alkylation experiments were  conducted 
using the 170" to 300°C f ract ion of the u rea  adduction product as the alkylating 
agent. Benzene was alkylated on a semimicro scale  using established proce- 
dures  (c). Benzene and anhydrous MC1, were charged to a 150 cc flask equipped 
with s t i r r e r ,  thermometer ,  and separatory funnel for the addition of the alkylating 
agent. 
period. Additional catalyst  was added at  10-minute intervals following initiation 
of reaction to maintain a maximum reaction temperature  of 55 O C. Following the 
addition period, 15 minutes was allowed for  s t i r r ing and completion of the r eac -  
tion. The acidic mixture  was cooled to room temperature  and neutralized by the 
addition of 20 pct NaOH solution. 
separated by successive water  washings in a separatory funnel, af ter  which the 
product was fractionated into three cuts on a 10-inch Vigreaux column. 
included benzene, an intermediate composed of paraffins and unreacted olefins, 
and alkylbenzenes. 
photometry, and the presence of alkylbenzenes was confirmed; no alpha olefins 
were  detected. 

The straight-chain olefin-paraffin mixture was added over  a 30-minute 

The catalyst  and benzene-rich layers  were then 

The cuts  

The alkylbenzene fraction was analyzed by infrared spectro- 

Yields calculated f rom distillation data a r e  reported in Table 4. 

Sulfonation of Alkylbenzenes. - Liquid SO, was vaporized into a metered 
a i r  s t r eam,  and the mixture  was introduced into a 100 cc f lask containing alkyl- 
benzenes (E). 
inlet and outlet tubes;  agitation was provided by the S03-air  flow. The SO, (14 g )  
was bubbled into the alkylate (40 g )  for  approximately one hour.  External cooling 
was necessary  to maintain a reaction temperature  of 50" to 60"  C with an  a i r  ra te  
of 1,350 cc/minute.  
NaOH solution producing a light tan s lur ry .  

The f lask  was equipped with a thermometer  and submerged gas-  

The reaction mixture  was neutralized with 60 cc  of 10 pct 

F igure  2 is a simplified flow diagram for  preparing the C1, to c16 alkyl- 
benzene sulfonate. 
weight-percent of the product versus  the input feed to each individual processing 
step. 
Clo-Cl6. The remaining 50 pct i s  concentrated chiefly in the high boiling fraction 
(>300°  C) and consists of a mixture of GI,-C,, olefins and paraffins.  Investigations 
a r e  in progress  to increase the yield of usable alkylbenzenes. These include the 
thermal  cracking of the high-boiling paraffins to give C ~ O - C , ~  olefins and the d i rec t  
conversion of the olefins to alkylbenzenes by eliminating the u r e a  adduction step. 
When these resu l t s  a r e  available,  an economic study of the process  will be made. 

The percentage figures given in  the flow diagram a r e  the 

Fifty pct of the n-olefin-paraffin mixture  i s  within the desirable  range of 

Biodegradability Tes ts .  - A sample of the alkylbenzene sulfonates was sub- 
mit ted to the United States Testing Company, Inc., Hoboken, N. J., for  determi-  
nation of i ts  biodegradability. The tes t  procedure used was that adopted by the 
West German Government (6) a s  no standard has  been prescr ibed  a s  yet by the 
United States. 
the use  of a continuous activated sludge waste-water  t reatment  tes t .  

This procedure for  evaluating surfactant biodegradability ca l l s  for  
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RESULTS AND DISCUSSION 

The percent decomposition of the methylene blue active substance (MBAS) 
was  calculated daily. 

5. 6 pct soap found in the t e s t  sample undoubtedly represents  sample contamina- 
tion. 
German law specifies that  decomposability of acceptable anionic detergents must  
b e  at  l e a s t  80 pct (ar i thmetic  mean) (4). 

These  values a r e  given in Table 5 and shown graphically 
i n  F igure  3 .  A summary  of the resul ts  is given in Table 6. The presence of _/ 

The biodegradability of the sulfonate sample averaged 99. 52 pct. The West 

I CONCLUSIONS 

Straight-chain olefins and paraffins were extracted f r o m  a low-temperature 
lignite t a r  neutral  oil  f ract ion by u r e a  adduction. Infrared analysis of the 

t ion (C,,-C16) of the olefin-paraffin mixture  was used to prepare  a mixture of 

, -1 
adducted product revealed no u r e a  contamination and a strong concentration of 
alpha olefins with only a t r a c e  of branch-chain olefins. The 170" to 300°C f r a c -  

alkylbenzenes which, upon sulfonation, gave a synthetic detergent that was 99. 52 
pc t biodegradable. 

I 

A 
, "  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8.  

a 9 .  
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TABLE 1. - Urea adduction of straight-chain aliphatics 
f rom neutral  oil 

Charge,  Methanol, Urea,  Ether/HzO, P u r e  product, 
cc 22 cc  wt pct 

75 20 45 501 150 12.0 
17. 5 445 87. 5 501 150 12.7 

500 300 500 1501500 15. 0 

TABLE 2. - Retention t imes  of pure olefins and paraffins 

Retention time' Relative retention' 
Compound (minute s ) (to n-dodecane) 

n-  Decane 
1 -Dec ene 
n-Undecane 
1 -Undec ene 
n- Dodec ane 
1 - Dodec ene 
n-Tridecane 
1-Tridecene 
n -  Tetradecane 
1- Tetradecene 
n-Pentadecane 
1-Pentadecene 

. n-Hexadecane 
1-Hexadecene 

1. 59 
1.77 
2. 43 
2. 70 
3. 66 
4. 05 
5. 52 
6. 12 
8. 34 
9. 24 

12.63 
13.89 
19. 02 
21. 06 

0 .43  
0. 48 
0. 66 
0 .74  
1 .00  
1. 32 
1. 51 
1. 67 
2. 28 
2. 52 
3 .45  
3 .80  
5. 20 
5.75 

i 

Correc ted  for a i r .  
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TABLE 3.  - Quantitative analysis  of C, to C16 
(Y -olefins and paraffins 

Compound 

Trimethylpentane 
n- Oc tane 
1 - 0 c  tene 
n-Nonane 
1-Nonene 
n- Decane 
1- Decene 
n-Undecane 
1-Undecene 
n- Dodecane 
1- Dodecene 
n- Tridecane 
1- Tridecene 
n- Tetradecane 
1- Tetradecene 
n- Pentadecane 
1- Pentadec ene 
n - Hexade c ane 
1-Hexadecene 

Vol., pct 

Trace 
.T race  
Trace  

0. 8 
0 . 9  
3 . 5  
3 . 9  
5 . 5  
6.5 
7. 2 
8. 0 
7 . 6  
8 . 8  
7 .7  
8 .6  
8 .3  
8 .4  
8; 1 
6 .3  

Paraff ins  
01  efin s 

100.0 

48.7 
51. 3 

TABLE 4. - Synthesis of alkylbenzenes 

W t  ratio,  AlC1, catalyst ,  Reaction conditions 
benzenelfeed w t  pct T e m p . ,  "C Time,  min Yield, pct' 

4. 6' 1.8 40-55 
4. 6 3  2 . 1  50-55 

45 89.5 
45 45.0 

Weight-percent, alkylbenzenelfeed. 
Commercial  Cll to C,, alpha olefins. 
Olefin-paraffin mixture  (neutral  oil 170" 

' 
to 300" C) (C10 to Clb). 

1 
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TABLE 5. - Percent  MBAS biodegraded pe r  day 

Day of 
tes t  

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

MBAS 
biodegraded, pct 

9 5 . 4  
94 .0  

100.0 
100.0 
100.0 
98. 8 

100.0 
100.0 
100 .0  
100.0 
100.0 

Day of 
tes t  

19 
20 
21 
22 
23 
2 4  
25 
26 
27 
28  
29 
30 

MBAS 
biodegraded, pct 

100.0 
100.0 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
1-00. 0 
100.0 
100.0 

100.0 

Decomposability mean value, 
99.48 pct 

TABLE 6. - Summary of biodegradability t e s t s  

Percent  
MBAS in alkylbenzene sulfonate . . . . . . . . . . . . . .  66. 3 

Soap i n  sample . . . . . . . . . . . . . . . . . . . . . . . . .  5 .6  

Average of decomposability values for  23 
consecutive days following break-in per iod .  . . . .  

soap') in the sample . . . . . . . . . . . . . . . . . . . .  

99. 48 

Decomposability of the detergent (including 
99. 52 

* Calculated f rom Part I, No. 7 ,  Specification of 
West German Government Ordinance. 

t 
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W E U l R l L  OIL t(350 'C) 

I 

O L E F I N S - P A R A F F I N S  

D l S l l L L A i l D W  

SULFOWAIIDW 

ALKYLBEWZEWE 
SULFDWATE 

FIGURE 1. 
Chromatogram of C8-Cl6 
olefin -paraffin mixture.  

FIGURE 2. 
Proposed p rocess  for 
utilization of normal  olefins 
in low-temperature ta r .  

FIGURE 3 .  
Degradation of methylene 
blue active substance. 


